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INVESTIGATIONS OF SEDIMENT TRANSPORTATION, 
MIDDLE LOUP RIVER AT DUNNING, NEBRASKA

By D. W. HUBBELL and D. Q. MATEJKA

ABSTRACT

An investigation of fluvial sediments of the Middle Loup River at Dunning, 
Nebr., was begun in 1946 and expanded in 1949 to provide information on sediment 
transportation. Construction of an artificial turbulence flume at which the total 
sediment discharge of the Middle Loup River at Dunning, Nebr., could be 
measured with suspended-sediment sampling equipment was completed in 1949. 
Since that time, measurements have been made at the turbulence flume and at 
several selected sections in a reach upstream and downstream from the flume.

The Middle Loup River upstream from Dunning traverses the sandhills region 
of north-central Nebraska and has a drainage area of approximately 1,760 square 
miles. The sandhills are underlain by the Ogallala formation of Tertiary age and 
are mantled by loess and dune sand. The topography is characterized by north 
west-trending sand dunes, which are stabilized by grass cover. The valley floor 
upstream from Dunning is generally about half a mile wide, is about 80 feet lower 
than the uplands, and is composed of sand that was mostly stream deposited. 
The channel is defined by low banks. Bank erosion is prevalent and is the source 
of most of the sediment load. The flow originates mostly from ground-water 
accretion and varies between about 200 and 600 cfs (cubic feet per second). 
Measured suspended-sediment loads vary from about 200 to 2,000 tons per day, 
of which about 20 percent is finer than 0.062 millimeter and 100 percent is finer 
than 0.50 millimeter. Total sediment discharges vary from about 500 to 3,500 
tons per day, of which about 10 percent is finer than 0.062 millimeter, about 90 
percent is finer than 0.50 millimeter, and about 98 percent is finer than 2.0 milli 
meters. The measured suspended-sediment discharge in the reach near Dunning 
averages about one-half of the total sediment discharge as measured at the 
turbulence flume.

This report contains information collected during the period October 1, 1948, 
to September 30, 1952. The information includes sediment discharges; particle- 
size analyses of total load, of measured suspended sediment, and of bed material; 
water discharges and other hydraulic data for the turbulence flume and the 
selected sections.

Sediment discharges have been computed with several different formulas, and 
insofar as possible, each computed load has been compared with data from the 
turbulence flume. Sediment discharges computed with the Einstein procedure 
did not agree well, in general, with comparable measured loads. However, a 
satisfactory representative cross section for the reach could not be determined with 
the cross sections that were selected for this investigation. If the computed cross 
section was narrower and deeper than a representative cross section for the reach, 
computed loads were high; and if the computed cross section was wider and shal 
lower than a representative cross section for the reach, computed loads were low.

1



2 SEDIMENT TRANSPORTATION, MIDDLE LOUP RIVER, NEBR.

Total sediment discharges computed with the modified Einstein procedure com 
pared very well with the loads of individual size ranges and the measured total 
loads at the turbulence flume. Sediment discharges computed with the Straub 
equation averaged about twice the measured total sediment discharge at the 
turbulence flume. Bed-load discharges computed with the Kalinske equation 
were of about the right magnitude; however, high computed loads were associated 
with low total loads, low unmeasured loads, and low concentrations of measured 
suspended sediment coarser than 0.125 millimeter. Bed-load discharges computed 
with the Schoklitsch equation seemed somewhat high; about one third of the 
computed loads were slightly higher than comparable unmeasured loads. Al 
though, in general, high computed discharges with the Schoklitsch equation were 
associated with high measured total loads, high unmeasured loads, and high con 
centrations of measured suspended sediment coarser than 0.125 millimeter, the 
trend was not consistent. Bed-load discharges computed with the Meyer-Peter 
and Miiller equation varied progressively with changes in several hydraulic 
parameters, compared reasonably with total and unmeasured sediment discharges, 
and increased fairly consistently as the concentration of measured suspended sedi 
ment coarser than 0.125 millimeter increased.

Size analyses indicated that bed material varies both laterally and vertically. 
Composites of at least five samples, but preferably more, seem to be necessary for 
an adequate determination of the bed-material size distribution. The size distri 
bution for the top 1 inch or so of the bed is generally finer than that for the top 6 
inches. The bed-material size distribution determined from 6-inch core samples 
does not seem to vary with either water temperature or water discharge.

Values of z\, the measured exponent for the equation of the vertical distribution 
of .suspended sediment, that are less than about 0.7 are generally larger than asso 
ciated z's that are determined from the theoretical equation. Values of z\ varied 
inversely with about the 0.6 power of k, the Von Karman coefficient tor turbulent 
exchange, throughout a range for k of 0.4r-4.00. Also, z \ can be expressed roughly 
as a power of z; the power depends on which system of fall velocities is used.

INTRODUCTION

The investigation of fluvial sediments of the Middle Loup River at 
Dunning, Nebr. (fig. 1), was begun on April 11,1946. This investiga 
tion was undertaken at the request of and in cooperation with the 
U. S. Bureau of Reclamation and was made as a part of the program 
of the Department of Interior for the development of the Missouri 
River basin. Initially, suspended-sediment measurements were made 
at a partly contracted section. In 1948, at the request of the Bureau 
of Reclamation, an artificial turbulence flume at which the total 
sediment discharge of the Middle Loup River could be measured was 
designed and constructed. After the turbulence flume was com 
pleted in May 1949, the investigation was expanded to include periodic 
measurements in an alluvial reach upstream and downstream from 
the flume. In this reach, measurements were made at six river sec 
tions (fig. 2), which represent different channel configurations, in 
order to relate the characteristics of the flow and sediment with sedi 
ment discharge. However, no more than five sections were used 
during the same period of time; consequently, the periods of record
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INTRODUCTION 5

for the different sections varied. Aiter March 20, 1950, daily meas 
urements of suspended-sediment discharge were discontinued at the 
partly contracted section, and the daily total sediment discharge was 
measured at the flume.

This report was prepared to summarize the data from this investiga 
tion and to show the results of sediment-transport studies that are 
based on these data particularly comparisons of measured sedi 
ment discharges with sediment discharges computed from formulas. 
Specifically, the report contains a summary of sediment data and as 
sociated hydraulic information for the turbulence flume and the six 
river sections during the period October 1, 1948, to September 30, 
1952; computations of sediment discharge by several different methods, 
including a modification of the Einstein functions (Colby and Hem- 
bree, 1955); evaluations of several methods for computing sediment 
discharge; and a discussion of some aspects of sediment transport on 
the basis of the field data.

Included in this report are data presented by Vice and Serr, 
(written communication) for the period August 17 to September 14, 
1949, some computations of sediment discharge by E. L. Pemberton 
in 1950 (written communication), and some of the information from 
P. C. Benedict, M. L. Albertson, and D. Q. Matejka (1955).

DEVELOPMENT OF THE TURBULENCE FLUME

The turbulence flume was constructed to provide information on 
total sediment discharge. -Swab information was needed for deter 
mining accurately the annual total sediment discharge of the Middle 
Loup Elver at Dunning, Nebr.; for evaluating formulas and methods 
that could be used to compute sediment discharge at other locations 
in the Loup Kiver basin; for modifying or developing, if necessary, 
formulas or methods that compute sediment discharge; for studying 
various sediment and hydraulic relationships; and for designing 
proposed river structures in the Loup Kiver basin.

The idea that a structure could be designed so that it would pro 
duce sufficient turbulence to suspend the total sediment discharge of 
a stream prompted the development of the turbulence flume. Con 
sideration was given at first to a modified Parshall flume and later to a 
straight-sided flume having vertical baffles or water jets in the floor. 
The flume having vertical baffles was selected as the most feasible 
design because it was independent of mechanical operation and would 
only affect the stream regime initially.

Model studies of the flume and subsequent preliminary designs 
for the prototype were made by the Civil Engineering Department, 
N. A. Christensen, Dean, and M. L. Albertson, Head of Fluid 
Mechanics Kesearch, through the Kesearch Foundation, Colorado
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Agricultural and Mechanical College, Fort Collins, Colo. P. C. 
Benedict, W. M. Borland, Thomas Maddock, and J. H. Honnold 
conferred frequently with representatives of the college during the 
model studies.

R. E. Oltman prepared the structural design and the construction 
plan and specifications for the prototype. The turbulence flume was 
constructed by the U. S. Geological Survey under the supervision of 
R. E. Oltman, who was succeeded by R. B. Vice. Permission was 
granted by the Nebraska Department of Roads and Irrigation for the 
construction of the flume beneath the bridge on State Route 2 at 
Dunning, Nebr.

The characteristics of the Middle Loup River at Dunning were 
especially favorable for the construction and operation of a turbu 
lence flume. The stream is representative of other streams in the 
Loup River basin; the streamflow, which is derived mostly from ground 
water, remains fairly constant throughout the year; the stream bed 
consists almost entirely of sands; the stream channel for about 1,500 
feet upstream from the flume site is straight and has a uniform and 
nearly constant cross section; the reach at Dunning was downstream 
from a proposed reservoir and upstream from a proposed diversion 
structure; and a U. S. Geological Survey stream-gaging station was 
already in operation at Dunning.

PERSONNEL AND ACKNOWLEDGMENTS

The part of the investigation by the Geological Survey was under 
the supervision of P. C. Benedict, regional engineer. Operation of 
the flume and of the selected river sections was planned by the person 
nel of the Geological Survey and by W. M. Borland and K. B. Schroed- 
er, Hydrology Branch, and J. H. Honnold, O. H. Hansen, and J. F. 
Mayne, Region 7, of the Bureau of Reclamation. The collection of 
basic data was under the supervision of R. B. Vice, of the Geological 
Survey. E. F. Serr III, and later D. Q. Matejka, of the Geological 
Survey, were in charge of fieldwork. J. F. Mayne assigned engineers 
from the area office at Grand Island, Nebr., to help with fieldwork 
from August 17 to September 14, 1949. K. B. Schroeder supervised 
the Bureau of Reclamation personnel who computed some sediment 
discharges with the modified Einstein procedure. Mean daily and 
certain other water discharge data were furnished by D. D. Lewis, 
district engineer of the Geological Survey.

BASIC INFORMATION

In this part of the report, the turbulence flume and the six selected 
river sections are described, and the basic data are discussed. In 
addition, lateral distributions of stream velocity, of stream depth,
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and of measured suspended-sediment concentration as well as vertical 
distributions of velocity and of measured suspended sediment are 
shown. Water- and sediment-discharge measurements, water temper 
atures at times of measurements, and water-surface slopes are given 
in table 1. Data from cross-section soundings are given in table 2. 
Particle-size analyses of measured suspended sediment, bed material, 
and point-integrated samples are given in tables 3, 4, and 5, respec 
tively. Point velocities given in tables of particle-size analyses and 
shown in vertical distributions are nozzle velocities, which are com 
puted from the time required to accumulate the sample, the volume 
of the sample, and the cross-sectional area of the nozzle opening.

DEFINITIONS

To help clarify a few general terms used in sedimentology and some 
specific terms used in this report, definitions and a brief discussion on 
various systems of nomenclature are given.

Sediment particles move by sliding or rolling, by skipping (salta 
tion), and in suspension. Ordinarily, large heavy particles move by 
rolling or sliding, and small light particles move by saltation and in 
suspension. However, the mode of movement of any particle depends 
not only on the size of a particle but also on other physical character 
istics of the particle and on the forces exerted on the particle. There 
fore, many particles probably move by all the modes of transport 
rather than by only one mode. Quantitatively, the rate of sediment 
movement by each mode is probably fairly constant for any sustained 
flow condition.

Most existing sediment-discharge formulas have been developed 
for computing only some part of the total sediment discharge or only 
the discharge of the sediment that is moved by one of the modes of 
transport. As a result, various systems of nomenclature have been 
used to distinguish between the parts of the total sediment discharge. 
Usually, the total sediment load is divided into bed load and suspended 
load, and the saltation load is considered to be either insignificant or a 
part of the bed load and the suspended load. Bed load, sometimes 
called surface creep, is the moving sediment that is in contact with 
the bed or that is very near the bed; thus, bed load includes all sliding 
and rolling sediment and some skipping sediment. The suspended 
load includes all suspended sediment and some skipping sediment.

Most bed-load formulas are based on the theory that particles are 
set in motion if the forces exerted on the particles are sufficient to 
lift the particles from the bed and (or) to overcome the Motional 
resistance between the particles and the bed. However, the concept 
of a shear or tractive force created by the component of fluid weight 
in the direction of flow has been adopted as a measure of the forces
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by some investigators, whereas physical characteristics of the bound 
ary and various flow parameters have been considered to be the 
measure by other investigators.

Suspended-sediment formulas are based on the turbulence-suspen 
sion theory, which explains the phenomena of sediment suspension 
by fluid turbulence.

Einstein (1950) has divided the total sediment load into wash load 
and bed-material load. Wash load is composed of the particles that, 
for given hydraulic conditions, are not hi significant quantities in the 
bed. This load is washed through the channel in nearly continuous 
suspension. Bed-material load is the part of the load that is picked 
up from the bed and that is readily returned to the bed. The term 
"bed-material load" does not imply a mode of movement, for bed- 
material load is conveyed as both bed load and suspended load. 
Einstein has denned bed load as the sediment that moves through the 
bed layer, a layer 2 grain diameters thick, above the nonmoving bed.

The total sediment load may be divided also into measured sediment 
discharge and unmeasured sediment discharge. Neither of these dis 
charges is intended to pertain to any particular mode of movement; 
however, measured sediment discharge is usually composed of only 
suspended sediment and, therefore, is often called measured suspended- 
sediment load. Measured sediment discharge is computed from the 
measured suspended-sediment concentration. Because equipment 
currently available for sampling suspended sediment cannot collect 
water-sediment mixture close to the bed, not all the suspended sedi 
ment is represented hi the samples. Unmeasured sediment discharge 
is the difference between the total sediment discharge and the measured 
sediment discharge; it includes all sliding or rolling, usually all skipping, 
and some suspended-sediment particles in other words, all bed-load 
discharge and some suspended-sediment discharge.

Some of the specific terms in this report are defined as follows:
Fluvial sediment is sediment that is transported by, is suspended 

in, or has been deposited from water.
Water discharge is the rate of flow of a stream and includes the 

fluvial sediment and dissolved solids that are transported in the water.
Suspended sediment is the sediment that at any given time is 

moving hi suspension in water and is maintained in suspension by 
the upward components of turbulent currents or by colloidal sus 
pension.

Depth-integrated sediment sample is a water-sediment mixture 
collected in a sampler that moves vertically at a constant transit rate 
and that admits the mixture at a velocity about equal to the stream 
velocity at every point of its travel. Depth-integrating samplers now 
in general use are the U. S. DH-48, U. S. D-43, U. S. D-49, and U. S.
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P-46; the U. S. P-46 sampler is designed for point integrating but 
can be used for depth integrating. These samplers normally collect 
water-sediment mixture only from the surface to about 0.3, 0.4, 0.4, 
and 0.4 foot, respectively, above the stream bed.

Point-integrated sediment sample is a water-sediment mixture ac 
cumulated continuously during a given period in a sampler that is 
held as nearly as possible at a fixed point and that admits the water- 
sediment mixture at a velocity about equal to the instantaneous 
stream velocity at the point. The U. S. P-46 and the U. S. DH-48 
are now in general use as point-integrating samplers; the U. S. DH-48 
sampler is designed for depth integrating but, with certain physical 
modification and (or) sampling techniques, can be used for point 
integrating.

Measured suspended sediment is the part of the total quantity of 
suspended sediment that is represented by samples collected with sus 
pended-sediment samplers. A sediment sample normally represents 
the suspended sediment for a limited depth and a limited width of the 
cross section. For a depth-integrated sample, the limited depth is 
from the water surface to the lowest point of collection. Samples 
from several verticals are required for representation across the entire 
width.

Sediment concentration is the ratio of the weight of sediment to the 
weight of water-sediment mixture, in parts per million. A part per 
million is a unit weight of sediment in a million unit weights of water- 
sediment mixture.

Mean concentration is a composite of the concentrations at different 
points of flow and is obtained by weighting the concentration at each 
point with the stream velocity at that point. Therefore, the concen 
tration of a depth-integrated sample or samples is a mean concentra 
tion.

Measured suspended-sediment concentration is the mean concen 
tration of the measured suspended sediment.

Sampling zone or sampled zone is that part of a cross section through 
which the measured suspended sediment moves. For this report, 
sampling zone refers to the entire width.

Measured suspended-sediment discharge or load is a rate of sedi 
ment movement and is computed as the product of the measured 
suspended-sediment concentration, the total water discharge, and a 
constant for converting the units to a weight per unit time, generally 
tons per day. Because the total water discharge is used in the com 
putation, the measured suspended-sediment discharge includes not 
only the discharge of suspended sediment in the sampled zone but 
also a part of the discharge of suspended sediment in the unsampled 
zone.
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Suspended-sediment discharge measurement is a determination of 
suspended-sediment discharge that is made from sufficient suspended- 
sediment samples at a cross section to define the mean concentration 
within the sampled zone and from an adequately determined water 
discharge.

Bed load is the sediment that moves along in essentially continuous 
contact with the stream bed.

Bed-load discharge is the weight of bed load passing a section in 
a unit of time and is generally expressed in tons per day.

Bed-material discharge or load is the part of the total sediment 
load consisting of particles whose sizes are the same as those present 
in significant quantities in the bed. In this report, bed-material load 
includes all material coarser than the largest standard separation size 
(see headings on table 4) at which no more than 10 percent of^the 
bed material is finer.

Wash load is the part of the total sediment load consisting of 
particles whose sizes are finer than those present in significant quan 
tities in the bed. In this report, wash load includes all sizes finer than 
the largest standard separation size (see headings on table 4) at 
which no more than 10 percent of the bed material is finer.

Total sediment concentration is the concentration of all the sedi 
ment passing a given section in a stream.

Total sediment discharge or load is the weight of all the sediment 
passing a section in a unit time. It is also a product of the total 
sediment concentration, the total water discharge, and a constant 
for converting the units to a weight per unit time generally tons 
per day.

Unmeasured sediment discharge or load is the difference between 
total sediment discharge and the measured suspended-sediment 
discharge. More particularly, it is the sum of the bed-load discharge 
and the product of the water discharge in the unsampled zone, a 
constant for converting the units to a weight per unit time, and the 
difference between the mean concentrations of suspended sediment 
in the unsampled and sampled zones.

Geometric mean size is the size that is computed as the square root 
of the product of the upper and lower limits of the size range. In this 
report the range of the smallest particle sizes was arbitrarily assumed 
to be 0.002-0.062 millimeter.

Effective width is the width determined by applying an appropriate 
horizontal angle correction to the width rather than to the velocity 
or discharge. The effective width of a channel is the sum of the effec 
tive widths for each section of a water-discharge measurement. It 
is also the length of a discontinuous line that crosses the channel and 
that is normal to the direction of flow at every point on the line.
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Effective area is the sum of the products of the effective width and 
measured depth for each section of a water-discharge measurement.

MIDDLE LOUP RIVER

The Middle Loup River upstream and for some distance down 
stream from Dunning is in the sandhills region of north-central 
Nebraska. The sandhills are underlain by the Ogallala formation 
of Tertiary age and are mantled by loess and dune sand to a depth 
that in some places exceeds 100 feet. The topography is formed by 
northwest-trending sand dunes, which are stabilized by grass cover. 
The vertical distance from the crests to the low places between the 
dunes is about 50 feet. The valley floor of the river upstream from 
Dunning is generally about half a mile wide and is about 80 feet 
lower than the uplands. The valley floor is composed of sand that 
was mostly deposited by the stream and that is topped in some places 
with a thin layer of soil. Grass meadows or brush and trees border 
the channel, which is defined by low banks. Meanders are not weD 
developed, although bank erosion is prevalent and is the source of 
most of the sediment load; however, some sections of the channel 
near Dunning have been stabilized by brush riprap, which generally 
has been effective in protecting the banks from scour. The drainage 
area of the river upstream from Dunning is approximately 1,760 
square miles, of which about 80 square miles contributes directly to 
surface runoff (U. S. Geol. Survey, 1954). Flow is mainly derived 
from ground-water accretion along the entire channel. During the 
period October 1, 1945, through September 30, 1952, at Dunning, 
Nebr., the maximum daily discharge was 630 cfs (cubic feet per second), 
the minimum was 100 cfs, and the mean was 381 cfs. The Dismal 
River (fig. 1), which flows from the west, enters the Middle Loup 
River about 1J£ miles east of Dunning.

TURBULENCE FLUME

The turbulence flume is under the bridge on State Route 2 at 
Dunning, Nebr., about 1,200 feet downstream from the gaging station. 
(See fig. 2.) Benedict, Albertson, and Matejka (1955) gave the 
following physical description of the prototype turbulence flume:

The turbulence flume is a structure for inducing turbulence sufficient to suspend 
substantially the total sediment load of a stream. The flume consists of a series 
of 1-ft by 2-ft movable baffles, one continuous 0.5-ft permanent baffle, and a 6-in. 
by 16-in. wooden baffle (measuring sill) attached to a reinforced-concrete slab 
82 ft wide and 38 ft long. The 1-ft by 2-ft baffles are galvanized steel sheets 
supported by two round rods inserted in pipe sockets embedded in the concrete 
slab. The permanent baffle, a 6-in. by 4-in. angle, and the wooden measuring 
sill are bolted to the concrete slab.

The concrete slab, which is the floor of the flume, is supported at each end by 
interlocking sheet-steel piling driven to a depth of 10 ft. The top of the slab is 

468443 59   2
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just below the average elevation of the stream bed at a discharge of approximately 
400 cu ft per sec. The wooden end sill, which is bolted to the downstream end 
of the slab, was designed to produce a reverse roller to prevent scour of the stream 
bed immediately downstream from the flume.

* * * Walkways were installed immediately below the upstream edge of the 
slab and immediately downstream from the measuring sill to simplify the collection 
of depth-integrated sediment samples. * * *

The flume operation during the test period was considered satisfactory except 
for the intermittent deposition of sand on the measuring sill. This deposition 
indicated that the turbulent energy was insufficient to suspend the total sediment 
load during maximum dune movement through the flume. On the basis of the 
results of the model studies, the first two rows of baffles at the upstream end of 
the flume were raised 0.5 ft on March 29, 1951.

Plate 1 and figure 3 show the placement of the baffles, measuring 
sill, end sill, and walkways.

Water-surface profiles along both banks on July 8, 1952, (fig. 4) 
show that the presence of the flume in the channel affects the flow 
only locally in a reach of about 300 feet upstream and 300 feet down 
stream from the flume. Beyond this reach the stream conditions 
are about the same as they were before the flume was installed. 
Ordinarily, the fall at the right side of the flume is greater than that 
at the left, and it is associated with a greater discharge per foot of 
width. Upstream from the flume, the thalweg of the flow follows the 
right bank. Downstream, the left bank is overhung with brush, 
and the channel bends to the right. Because the tendency of the 
flow is to concentrate on the right side of the flume, flow at the left 
side sometimes has velocities that are insufficient for suspending the 
particles, and the baffles become partly covered; however, the 
measuring sill remains clean most of the time. An average profile 
of the stream probably would show backwater upstream from the 
flume, an increased slope through the flume (associated with increased 
velocity and turbulence), and a flatter than natural slope down 
stream from the end sill of the flume (probably resulting from a regain 
in elevation head with a decrease in velocity head).

SECTION C

Section C is at the upstream side of the turbulence flume. (See 
fig. 2, and pi. 2.) Streamflow measurements were made, and 
suspended-sediment samples were collected at section C to define the 
measured suspended-sediment concentration and discharge entering 
the flume. These measurements were usually made from a walkway 
that spanned the 82-foot width of the river. Particle-size analyses 
of measured suspended sediment show that about 88 percent of the 
sediment is coarser than 0.062 millimeter and that sieve diameters 
of about half of the total sands are between 0.125 and 0.25 millimeter.
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SKELETON MODEL OF PROTOTYPE FLUME 

(Benedict, Albertson, and Matejka, 1955)
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A. APPROACH TO THE TURBULENCE FLUME 

The water-stage recorder for the turbulence flume is at the left. July 14, 1953, water discharge about 350 ufs

B. SECTION C FROM THE LEFT BANK

The apparent fall through the turbulence flume is partly from superelevation of downstream side of bridge. 
July 14, 1953, water discharge about 350 cfs.
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Also, only a very small percentage of the sediment is coarser than 
0.50 millimeter.

Some bed-material samples were collected at or very near section 
C. The particle-size analyses of these samples show that the median 
sieve diameter is in the 0.25- to 0.50-millimeter size range. The 
bed-material size distribution and the measured suspended-sediment 
size distribution for two different medium flows are shown in figure 5.

The lateral distributions of depth, stream velocity, and measured 
suspended-sediment concentration varied with dune movement into 
the flume. Figure 6 shows lateral distributions for 3 different days.

Vertical distributions of the suspended sediment and flow entering 
the flume are defined from point-integrated samples collected at 
section C. These distributions indicate slightly more turbulence at 
section C than at the selected river sections; z\ values (see "Variations 
in z\") are lower and vertical-velocity distributions are more uniform 
at section C than at section B, which is probably the most turbulent 
of the selected river sections. Figure 7 shows the vertical distributions 
of velocity, suspended-sediment concentration, and percentage of 
particles coarser than 0.25 millimeter at section C on July 18, IffSO.

Both a permanent water-stage recorder and a continuous water- and 
air-temperature recorder are housed together about 15 feet upstream 
from section C (pi. 2A). Daily maximum and minimum water tem 
peratures are not given here but are published annually in the U. S. 
Geological Survey Water-Supply Papers of the series, Quality of Sur 
face Waters of the United States. A staff gage on the left bank serves 
as the outside gage for the recorder and is also used in association with 
staff gages on the right bank at sections C and D to establish the fall 
through the flume.

Measurements were begun at section C on the assumption that 
possibly the difference in concurrently measured suspended-sediment 
discharges.at this section and at section D would be representative of 
the unmeasured sediment discharge of an average reach of the stream. 
However, early measurements indicated that this assumption was 
generally invalid because measured suspended-sediment concentrations 
and discharges at section C were not representative of those et un- 
confined river sections. Suspended-sediment discharges at section C 
were generally comparable to those at section B, a very narrow con 
fined section, and were often greater than those at sections A and E, 
unconfined sections, by 100-200 tons per day.

SECTION D

Section D is at the downstream side of the measuring sill of the 
turbulence flume (fig. 2 and pi. 3A). From the walkway spanning 
the section, samples normally are collected with a U. S. DH-48 hand
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. MEASURED SUSPENDED-SEDIMENT CONCENTRATION ACROSS SECTION

On Aug. 25 suspended-sediment concentrotion undefined from 75-80 feet

VELOCITY ACROSS SECTION

Aug. 25,1949 

Se"pt.9~l949

DEPTH OF WATER ACROSS SECTION

ZO 30 40 50 60 70 SO 

DISTANCE ACROSS. SECT.ION, IN FEET

FIGURE 6. Lateral distributions of deptb, stream velocity, and measured suspended* 
sediment concentration, section C.
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"If,

A. SECTION D FROM THE LEFT BANK 

July 14, 1953, water discharge about 350 els.

B. SAMPLING AT SECTION D

Note the guide bracket for the sediment sampler and the walkway which is raised to the winter position. 
April 9, 1952, water discharge about 450 cfs.
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A. SECTION A FROM THE RIGHT BANK 

The tallest tree is adjacent to the left edge of the section. July 14, 1953, water discharge about 350 cfs.

B. SECTION B FROM THE LEFT BANK

The water-stage recorder for the gaging station is on the right bank behind the bridge. The ditch at the 
left connects with a pond and contributes no inflow. April 9, 1952, water discharge about 450 cfs.
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sampler. (See pi. 3B.) A portable bracket, which can be hooked 
over the measuring sill, guides the sampler so that, when the sampler 
is moved vertically along the bracket, the nozzle of the sampler trav 
erses the entire depth of flow from the water surface down to the top of 
the measuring sill. As long as the measuring sill is free of sand 
deposits, all the sediment passing over the sill can be sampled regard 
less of the vertical distribution of sediment. Thus, concentrations 
determined from depth-integrated samples represent the total sedi 
ment concentration, which is used in computing the total sediment 
discharge.

Two different types of samples were collected at section D. Daily 
samples consisted of depth-integrated samples collected at stations 
10, 30, 50, and 70; cross-section samples consisted of depth-integrated 
samples collected at 15 verticals or more, spaced either at equal incre 
ments of width or according to water discharge. The daily samples 
were collected once or twice a day by a local observer, and daily 
samples and cross-section samples were collected periodically by 
engineers. Concentrations from the daily samples were used to 
define a continuous concentration curve from which a time-weighted 
mean concentration for each day was determined. However, because 
the timer-weighted mean concentrations were sometimes unrepresenta 
tive of the cross section as a whole, they were corrected by using a 
determined relation between the cross-section samples and the daily 
samples. Forty-four ratios of the concentrations from daily samples 
to the concentrations from cross-section samples during part of the 
1950 water year and all the 1951 and 1952 water years averaged 1.03 
and ranged from 0.72 to 1.61.

The relation between the concentrations of cross-section samples 
and daily samples fluctuates. The relation does not seem to be affected 
by any of the common flow parameters; but it is, of course, affected 
by variations in the lateral distribution of sediment in the cross sec 
tion, which is in turn affected by dune movement into the flume. An 
analysis of data collected on June 27, 1951, (Benedict, Albertson, and 
Matejka, 1955) indicates the extent of the variations of daily sample 
concentrations with time. Concentrations from depth-integrated 
sediment samples collected at 5-mimite intervals over a 4-hour period 
at the 4 daily sampling stations indicate that the concentration of any 
sample at any time might vary as much as ±83.5 percent from the 
true mean for the vertical. Also, the concentration determined from 
1 bottle at each of the 4 stations might vary from the average con 
centration as much as ±25 percent, and a concentration determined 
from 2 bottles at each of the 4 stations might vary from the average 
concentration as much as ±19 percent. Two bottles at each of the
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four verticals are normally collected to obtain daily sample concen 
trations.

Records of sediment loads (total load) passing section D are pub 
lished in a continuing series of water-supply papers entitled, Quality 
of Surface Waters of the United States. The published daily loads 
are computed from daily mean water discharges and from daily mean 
concentrations that are corrected to represent cross-section concentra 
tions. Monthly and annual sediment loads passing section D during 
the period March 22, 1950, through September 30, 1952, are given in 
table 6. During most of the year, monthly loads are fairly constant, 
although they are usually highest in late winter and early spring.

Data from measurements of water and suspended-sediment dis 
charges indicate that Q ts , the total sediment discharge, varies about
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FIGTJBE 8. Sediment-transport curve for section D at the turbulence flume.

as the cube of Qw, the water discharge, (Qts=CiQu?)', however, the 
relationship is not well defined. (See fig. 8.)

Size analyses of depth-integrated samples represent the size distri 
bution of the total load of the stream and show that about 90 percent 
of the sediment is coarser than 0.062 millimeter and that about 35 
percent of the total is in the 0.125- to 0.25-millimeter size range. 
Figure 5 shows the size distribution of the material passing the flume 
on 4 different days of medium water discharge. The percentage of 
suspended sediment in individual size ranges is fairly constant except 
possibly at relatively high and low concentrations (fig. 9).

Generally at section D, the depth decreases and the velocity of 
flow increases from the left to the right bank. However, the measured 
suspended-sediment concentration follows a random pattern; the con 
centrations have a tendency to be highest in the center bay of the



SUSPENDED-SEDIMENT CONCENTRATION, IN PARTS PER MILLION

D 10 20 30 40 5 MDED SEDIMENT

o 

<r>

 
 

 

!»

 

-¥-*-
 

   

 

    f
»

, » 

 

0.25- 0.50 mfn^

__ £.
&

*

-A^m*    ^Va-^T-V-

 

^r-     4_" M

 

O

S'
3] 3'

i -I

O
3

IZoisva



A
L
T

IT
U

D
E

 ,
 IN

 F
E

E
T

 (
G

AG
E 

D
A

TU
M

) 
V

E
LO

C
IT

Y
, 

IN
 F

E
E

T
 P

E
R

 S
E

C
O

N
D

 
(M

E
A

N
 I

N
 V

E
R

T
IC

A
L)

C
O

N
C

E
N

TR
A

TI
O

N
, 

IN
 P

A
R

TS
 

P
E

R
 M

IL
LI

O
N

F
~F

 ~
r

II 
= 

*
V

 3
" 

a
f"

 
'3

 c
r  
 «

 '

1
/9

 
*
 

I 
1

. 
*

y
il 

/ 
»

3

I
.
.
.
 

t
.
.
.
_
.

') A // S' SI. / 
I

-M
l 

1
^ 

§j 
;

/i
ll

';
«
*
 

x, 
/
 
f
-
f

'*
*
'i^

-f
--

-

7 S.
 

x
"^ -1

t >

Wholer-
n

; 1 O m
 

- 
"o o j> m o

 

en

- 
m H O

 
Z



BASIC INFORMATION . 23:

Hume. Lateral distributions on 3 days are shown in figure 10. The 
lateral distribution of sediment depends largely on dune movement 
into the flume. Consequently, concentrations are high in one part 
of the flume at one time and in another part at another time. A de 
scription of the dune movement into the flume is given by Benedict, 
Albertson, and Matejka (1955).

The crest of the large dunes when approaching the flume would, at times, be 
.at an elevation higher then the top of the baffle plates in the flume. As these
 dunes moved toward the upstream baffle plate, it appeared that the baffle would 
be covered. However, when each dune reached a point within 1 ft of the baffle 
plate, the downstream side of the dune would begin to be carried into suspension; 
in this manner, most of the dunes were prevented from covering the baffles. Oc 
casionally, however, the dunes were sufficiently large to cover the upstream baffle
-and move on to the second baffle. In moving from the upstream baffle to the 
second baffle, a higher percentage of such a dune was carried into suspension 
so that the dune was never able to cover completely any of the baffles in the second 
row. As the dune moved downstream, the upstream baffle slowly emerged through 
the top of the dune. The dune was rapidly forced into suspension by the increased 
turbulence and was carried downstream.

The vertical distribution of velocity and sediment as defined by 
point-integrated sediment samples at section D indicates, to some 
extent, the capability of the turbulence flume to suspend the total 
sediment load. The sediment concentration and the distribution of 
coarse sediment particles are relatively uniform throughout the depth 
most of the time; therefore, the flow can be considered sufficiently 
turbulent to maintain the total sediment load hi suspension. Figures 
11, 12, and 13 show some of the information from point samples col 
lected at the flume on 3 different days. In these figures, the percent 
ages by weight of sediment coarser than 0.25 millimeter have been 
plotted.against depth. The size division at 0.25 millimeter was selected 
because it represents a sufficiently coarse fraction of the sediment to 
reflect the capability of the flume to suspend the entire sediment load. 
The basic distributions illustrated in these figures persist at all times 

when flow through the flume is affected by debris or ice. 
tjcae sample has been collected from bed material that has 

been deposited on the sill. (See table 4, sec. D.) The sample is 
much coarser than bed-material samples at the selected river sections.

SELECTED RIVER SECTIONS 

SECTION A

Section A, the farthest upstream section in the reach, is about 7,200 
feet upstream from the turbulence flume and- about 6,000 feet up 
stream from the gaging station. (See fig. 2.) This section is the 
widest selected river section in the reach (pi. 4A) and is typical of 
other wide sections of the stream. Bank-to-bank width is about 340 
feet; however, flow usually is not distributed over the entire width but
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11. Vertical distributions of suspended-sediment concentration, velocity, 
and percent coarser than 0.25 mm, section D, August 30,1950.
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is interspaced with either sandbars or pools of still water. Generally, 
up to one-third of the width of flow is less than 0.5 foot deep. The 
sand-bed configuration is continually changing, rapidly at times, as 
dunes migrate into and through the section. Dune heights and widths 
vary across the section. Low (0.2 foot), wide dunes are generally 
hi the shallower parts of the section. However, flows at shallow 
depths do not always cause low, wide dunes; sometimes they form a 
flat plateaulike bed whose downstream edge is actually a long dune 
crest. When flow is swift over these flat beds, bed load is transported 
to and deposited at these downstream edges. In deeper flows, dune 
heights range from only a few tenths to nearly a foot. Generally, the 
higher dunes are relatively narrow. The upstream and downstream 
faces of these dunes have relatirely steep slopes, and the depressions 
or troughs between successive dunes give an impression of holes in the 
stream bed.

Because of the irregularities across the section hi both the stream- 
bed configuration and the water discharge, section A is unfavorable 
for either measuring water discharge or sampling suspended sediment ; 
it is particularly unfavorable unless a relatively large number of 
verticals are measured or sampled. However, water- and sediment- 
discharge measurements are made at this section because it typifies 
other wide sections of the stream.

At section A the cross-sectional area of flow in the shallow parts of 
the stream represents usually a substantially larger percentage of the 
total area than the discharge hi the shallow parts does of the total 
discharge. As a result, mean section velocities computed by dividing 
the total measured discharge by the total measured area are often low 
with respect to the velocities associated with the areas of major sedi 
ment discharge. Therefore, these mean section velocities are un 
suitable in computations of sediment discharge with methods in which 
the mean velocity is an important parameter.

Particle-size analyses of the measured suspended sediment show 
that about 40 percent is hi the 0.125- to 0.25-millimeter size range and 
about 75 percent is coarser than 0.062 millimeter, whereas particle- 
size analyses of the bed material show that about 45 percent is in the 
0.25- to 0.50-millimeter size range and about 70 percent is coarser 
than 0.25 millimeter. The measured suspended-sediment size distri 
bution and the bed-material size distribution for two medium flows 
are shown in figure 14.

Lateral distributions of stream velocity, depth, and measured sus 
pended-sediment concentration on 3 days are given in figure 15, Parts 
of the measured suspended-sediment concentration curves are unde 
fined because no samples were collected hi the separate channels or 
because the velocity of flow reached zero and no samples were collected

468443 59   3
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MEASURED SUSPENDED-SEOIMEKT CONCENTRATION ACROSS SECTION
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FIGURE 15. Lateral distributions of depth, stream velocity, and measured suspended-sediment concentra 
tion, section A.

at or near the point of zero velocity. No point-integrated samples 
were collected; so the vertical distributions remain undefined.

Staff gages were placed on both banks at section A and on both 
banks 300 feet upstream and downstream from section A;-however, 
the local water-surface slope determined from the readings of these 
gages usually is questionable. The slope varies across the section 
from one individual channel to another. Also, transverse flow at the 
section causes differences in the slope along each bank. Despite these 
difficulties, local slopes were determined as well as possible. In addi 
tion, overall slopes from section A to section E (fig. 2) are defined by 
the gage-height traces from temporary water-stage recorders at both 
sections.
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SECTION Bi

Section Bj is about 1,400 feet upstream from the turbulence flume 
and about 200 feet upstream from the gaging station. (See fig. 2.) 
It is at the upstream end of the straight approach to the flume and is 
narrower than most sections of the stream usually about 95 feet 
wide. The hydraulic characteristics of the section are not affected 
by backwater except occasionally when ice lodges at the county 
bridge, 150 feet downstream, or at the flume. The sand-bed con 
figuration changes rather slowly, and the bed is scoured at times along 
the left bank to a deposit of peat. Ordinarily, the bed shape remains 
fairly constant. As a result of these factors, section Bt is one of the 
better sites for stream gaging.

At this section, about 80 percent of the measured suspended sedi 
ment is coarser than 0.062 millimeter. Particles larger than 0.50 
millimeter are rare, and the largest percentage in any size range is 
about 40 percent in the 0.125- to 0.25-millimeter range. The median 
diameter of bed material, as that at the other selected sections, falls 
in the 0.25- to 0.50-millimeter size range. The measured suspended- 
sediment size distribution and the bed-material size distribution are 
shown in figure 14.

Stream depth and velocity are usually fairly uniform across the 
section. Lateral distributions of these quantities and of measured 
suspended-sediment concentration on 3 different days are shown in 
figure 16.

At this section, local water-surface slopes were not determined and 
point-integrated sediment samples were not collected.

SECTION B

Section B is at the county bridge about 150 feet downstream from 
section BI and about 50 feet upstream from the g&ging station. 
(See fig. 2 and pi. 4.B.) Both the upstream and the downstream sides 
of the bridge have been designated as section B. The daily sampling 
station, Middle Loup River at Dunning, was maintained at this 
section from April 11, 1946, to March 21, 1950, and measured sus 
pended-sediment loads during that period are published in water- 
supply papers (U. S. Geological Survey, 1953, 1954, 1955).

Because the section is more constricted than the others, the meas 
ured suspended-sediment discharges are higher than those at the other 
selected river sections and the measured suspended sediment is slightly 
coarser, although the bed material has about the same size distribution.

The flow at this section is confined by the bridge abutments to a 
width of about 65 feet. Although the bed configuration changes 
radically from time to time, the stream velocity across the section 
is fairly uniform, and the section is usually satisfactory for stream
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gaging. The measured suspended-sediment concentration is also 
fairly uniform across the section. Lateral distributions of measured 
suspended-sediment concentration, stream velocity, and depth are 
shown in figure 17.

Some point-integrated samples have been collected at section B. 
Vertical distributions of velocity, suspended-sediment concentration,
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FIGURE 17. Lateral distributions of depth, stream velocity, and 
measured suspended-sediment concentration, section B.
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and percentage coarser than 0.25 millimeter from these samples are 
shown in figure 18. These vertical distributions indicate that the 
flow at section B is somewhat more turbulent than would be expected 
at an unconfined alluvial section.

Water-surface slopes were not determined at section B.
Measurements of water and suspended-sediment discharges were 

made at a section 25 feet upstream from the upstream side of the 
county bridge. This section has not been listed separately because 
only three measurements were made there; however, these measure 
ments are used in subsequent computations. Information from these 
measurements as well as particle-size analyses of both measured 
suspended sediment and bed material is given with similar data for 
section B.

Two of the water-discharge measurements show that the section 
25 feet upstream from section B is about 71 feet wide. The third 
measurement was evidently not made at exactly the same section as 
the other two because the width is given as 77 feet. Lateral distri 
butions of depth and stream velocity for the two similar measurements 
are shown in figure 19. The lateral distribution of measured sus 
pended-sediment concentration is not defined because suspended- 
sediment samples were not analyzed by individual verticals.

Neither local-slope data nor point-integrated samples were collected 
at the section 25 feet upstream from section B.

SECTION Ci

Section C2 (pi. 5^4) is about 600 feet upstream from the entrance 
of the turbulence flume and about 540 feet downstream from the 
gaging station. (See fig. 2.) Usually, it is a reasonably good gaging 
section and the sand bed is no more changeable than that at any of 
the other sections in the reach. However, at times the top part of 
the bed approaches an almost fluid state, and then the accuracy of the 
streamflow measurement is somewhat questionable.

The particle-size distributions of both the measured suspended 
sediment and the bed material at section C% are about the same as 
those at the other normal sections. Several distributions for section 
C2 are shown in figure 20.

Section C2 is about 83 feet wide. The greatest depths and the 
largest measured suspended-sediment concentrations are ordinarily 
in the left half of the channel, although the stream velocity is usually 
fairly uniform across the section. Lateral distributions of stream 
depth, velocity, and measured suspended-sediment concentration are 
shown in figure 21 on 3 different days.

Since the spring of 1952, both banks at and near section C2 have 
been stabilized with brush riprap. The addition of the riprap affected
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FIQTTRE 19. Lateral distributions of depth and stream velocity, 25 feet upstream from section B.

80

the section only on the left bank for a distance of about 8 or 9 feet 
into the channel. This effect is best seen in figure 21 by comparing 
curves for May 6, 1952, with curves for the other 2 days.

Staff gages are on both banks at the section and 300 feet upstream 
and downstream from the section. Local slopes have been deter 
mined from the readings of these gages except at times when backwater 
from lodged ice at the flume affected the section.
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MEASURED SUSPENDED-SEDIMENT CONCENTRATION ACROSS SECTION
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FIGURE 21. Lateral distributions of depth, stream velocity, and measured suspended- 
sediment concentration, section Ci.
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SECTION Ci

Section d is about 195 feet upstream from section C. (See fig. 2, 
and pi. 5A.) Only 2 water-discharge measurements and 4 suspended- 
sediment discharge measurements were made at this section. Also, 
1 measurement of streamflow and suspended-sediment discharge was 
made at a section 300 feet upstream from section C, and data from 
this measurement have been included with those from section d.

Section Ci is similar to section C2 except that the depths and 
velocities across the section are more uniform. No information is 
available on the lateral distribution of measured suspended sediment; 
so figure 22 shows only the lateral distributions of depth and velocity 
defined by the two streamflow measurements at the section.

The slope of the water surface at section Ci is affected by backwater 
from the turbulence flume. Water-surface profiles along both banks 
on July 8, 1952, (fig. 4) show that the slope is generally flatter in the 
approach to the flume than in other reaches near Dunning. Because

VELOCITY ACROSS SECTION

DEPTH OF WATER ACROSS SECTION

20 30 4O 5O 6O 70

DISTANCE ACROSS SECTION, IN FEET 

FIGURE 22. Lateral distributions of depth and stream velocity, section Ci.

eo so



GEOLOGICAL SURVEY AVATEK-SUPPLY PAPER. 1476 PLATE 5

A. CHANNEL REACH FROM THE LEFT BANK

This reach is between the State highway and county-road bridges. Section Cj is at the left. July 14, 1953,

water discharge about 350 cfs.

B. SECTION E FROM THE RIGHT BANK

The men in the stream mark the section. The temporary water-stage recorder at the left bank is about 15 
feet downstream. July 14, 1953, water discharge about 350 cfs.
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section Ci is in the area of changing slope, measurements were dis 
continued there; subsequent measurements were made at section C2 .

SECTION B

Section E (pi. 5B) is more typical of the channel in the reach near 
Dunning than any of the other selected sections. It is about 700 
feet downstream from the turbulence flume and about 1,900 feet 
downstream from the gaging station. (See fig. 2.) The width of 
the section is about 150 feet, and the highest water discharge per 
foot of width is generally near the right bank. Sandbars form in 
the center of the channel during periods of low flow and cause some 
transverse flow. Changes in the sand-bed configuration are less rapid 
at section E than at any of the other selected sections with the 
exception of section BI, even though the type of dune movement and 
the configuration of dunes are similar to those at section A. As a 
result of these channel characteristics, section E is a good gaging 
section.

The size distribution of the measured suspended sediment at 
section E is about the same as that at the other selected river sections. 
About 80 percent of the measured suspended sediment is coarser 
than 0.062 millimeter, and about 40 percent is in the 0.125- to 0.25- 
millimeter size fraction. Many bed-material samples were collected 
at section E. Included with the ordinary samples are special samples 
collected to determine the extent of the lateral variation of bed- 
material size distribution. In addition, other special samples were 
collected to determine the variation of bed-material size distribution 
with depth into the bed. The measured suspended-sediment size 
distribution and the bed-material size distribution for two medium 
water discharges are shown in figure 20.

Generally at section E, the greatest depths are along both banks, 
although the stream velocity is fairly constant across the section 
except when sandbars are present. However, the measured suspended- 
sediment concentration follows no consistent lateral pattern. Lateral 
distributions of stream depth, velocity, and measured suspended- 
sediment concentration on 3 days are shown in figure 23.

The turbulence flume upstream seems to have little effect, if any, 
on the hydraulic or sediment characteristics of section E. The 
profiles in figure 4 and the readings from staff gages on both banks 
at section E and 300 feet upstream and downstream from section E 
show that the local water-surface slope is about the same as that 
at the other sections not influenced by the flume.

GAGING SECTIONS

The gaging sections normally used for water-discharge measure 
ments for the gaging station are included in the reach between sections
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FIGUEE 23. Lateral distributions of depth, stream velocity, and measured suspended- 
sediment concentration, section E.
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B! and C2 (fig. 2). Throughout this reach, the channel is straight, 
and the shape and stability of the bed at any gaging section are 
fairly similar to those at the nearest selected section.

In this report, the term "gaging section" refers to a section which 
is not one of the selected river sections and at which only streamflow 
measurements were made. Whenever streamflow and sediment 
data were concurrently collected at any section other than a selected 
section, these data are included with the data for the nearest selected 
section and are differentiated from the selected section by an appro 
priate footnote. Such data should be treated as though they were 
collected at the selected section.

SEDIMENT DISCHARGES BY FORMULAS

One of the purposes of the turbulence flume is to provide information 
that can be used for evaluating the accuracy of formulas and methods 
for computing the sediment discharge of streams having sediment and 
hydraulic characteristics similar to those of the Middle Loup River. 
The accuracy of methods that give the total sediment discharge or the 
bed-material discharge can be evaluated by directly comparing com 
puted discharges with measured total sediment discharges or measured 
bed-material discharges. However, the accuracy of methods that 
give the bed-load discharge or the discharge of sediment on and near 
the bed can only be estimated. Unmeasured sediment discharge, which 
can be determined from the measured total sediment discharge, can be 
used in estimating the accuracy. Ratios of the mean concentration in 
the unsampled zone to that in the sampled zone can also be used. The 
development of the final form of the equation for determining these 
ratios is as follows (a list of definitions of all symbols is given on 
p. 79): By definition (see p. 10) 

QuM= Qts   QsM
in which  

Q,uM is the unmeasured sediment discharge, in tons per day. 
Qts is the total sediment discharge in the cross section in tons per

day. 
QaM is the measured suspended-sediment discharge in the cross

section, in tons per day. (See p. 19.) 
Also, by definition (see p. 10)  

=KoK00Q w (Concu  Cone) + #& 
in which  

QUSM is the unmeasured suspended-sediment discharge, in tons
per day. 

GD is the bed-load discharge, in tons per day.
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K0 is a constant for converting the units to tons per day.
K00 is the fraction of flow in the unsampled zone. (See p. 54,

step 9.)
Qw is the water discharge, in cubic feet per second. 
Conc u is the mean concentration, in parts per million, of the sus

pended-sediment discharge in the unsampled zone. 
Cone is the measured suspended-sediment concentration in parts

per million (mean concentration in the sampled zone). 
By expressing Concu as a factor R times Cone  

w (RConc Conc)
(R-\)K00 

=Q,MK00 (fl-1) 
and  

The factor R is the number of times the mean concentration in the 
unsampled zone is greater than that in the sampled zone; or, in other 
words, it is the ratio of the mean concentration in the unsampled 
zone to that in the sampled zone. Of course, the ratio varies with the 
sediment and flow characteristics, the fraction of the depth sampled, 
and particularly the amount of wash load. High concentrations of 
wash load can mask out relatively large errors in bed-load discharge; 
however, the concentrations of wash load in the Middle Loup Kiver 
are very low. If the ratios and any measurable parameters could 
be correlated, the total load could be estimated from the measured 
suspended-sediment load, the computed bed-load discharge, and a 
ratio.

Six different methods for computing sediment discharge are de 
scribed and evaluated in this section of the report. These methods 
include the Einstein method, which computes the bed-material dis 
charge; the modified Einstein procedure, which computes the total 
sediment discharge; and the Straub, Kalinske, Schoklitsch, and 
Meyer-Peter and Muller methods, which compute either the bed- 
load discharge or the discharge of sediment on and near the bed. 
These methods were evaluated on the basis of computations, in many 
of which the same basic data were used. For each method, except 
for the Einstein procedure, enough computations were made to be 
sure that the computations were representative of the different 
conditions of the river and that reasonable comparisons could be 
made between similar methods.

EINSTEIN PROCEDURE

H. A. Einstein (1950) has presented a method for computing the 
bed-material discharge. The computation consists essentially of
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computing the sum of the suspended-sediment load (exclusive of 
wash load) that is obtained from an integration of the product of the 
theoretical vertical distributions of velocity and suspended sediment 
and the bed-load discharge, determined from the probability of parti 
cles eroding from the bed; the probability of erosion is a function, 
of a flow parameter. Bed load is considered to be discharged through 
a bed layer 2 grain diameters thick, and the suspended sediment is. 
considered to be discharged from the water surface to the bed layer. 
The concentration of suspended sediment at the top of the bed layer 
is equated to the concentration in the bed layer, which is a function 
of the bed-load discharge.

Computations are made for a representative cross section of the- 
channel and an average energy slope. Einstein suggests that the- 
representative cross section should be determined by averaging 
the areas and the wetted perimeters of a number of sections in a 
typical reach that is of sufficient length to permit an adequate defini 
tion of the overall energy slope.

The reach of the Middle Loup River at Dunning extends from 
section A to section E, a distance of about 7,950 feet. (See fig. 2.) 
Twenty computations of sediment discharge were made for this 
reach; data from one or more sections in the reach are used in each 
computation. Because only a limited number of cross sections wer& 
selected for this investigation, the computations did not include a& 
many sections as recommended by Einstein to define adequately 
the representative cross section. However, they do show some of 
the characteristics of the Einstein method and some of the effects 
the computed representative cross section has on the computed 
sediment discharge.

For the 4- and 5-section Einstein computations, water-surface slopes, 
(assumed to be equal to energy slopes) were determined from gage- 
height traces of temporary recorders at sections A and E. For the 
1- and 3-section computations, an average overall-reach slope of 
0.00132 was used. For all computations, the bed-material size- 
distribution was determined by averaging the mean distributions from 
the included sections (see table 4 for the mean bed-material size^ 
distribution for each section), and the representative cross sections- 
were determined by averaging the effective areas and the effective 
widths (wetted perimeters) of the included sections. Because the 
Einstein method is devised to compute only the bed-material discharge, 
the load of sediment smaller than 0.125 millimeter (wash load) wa& 
not computed. The total load was approximated by summing the 
computed load and the average measured suspended-sediment load 
for the uncomputed fractions at the sections. The computed loads 
and the comparable measured loads at section D are given in table 7^

468443 59   i
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Loads computed with data from more than one section are compared 
with the daily mean sediment loads at section D, and the one-section 
computations are compared with instantaneous loads at section D.

Computations other than those shown in table 7 have been made by 
using various combinations of sections and also by using weighting 
procedures in an effort to determine the best representative cross 
section. The four-section combination of sections A, B (or Bx or 25 
feet upstream from B), C2 , and E gave the best results. The com 
puted total loads for these 4-section combinations averaged 81 per 
cent and ranged from 26 to 150 percent of the measured total loads. 
The individual percentages had a standard deviation of 49. If per 
centages are considered to be distributed normally, the standard 
deviation indicates that about two-thirds of all similar computations 
will be in a range of 81 ±49 percent of the measured total load. These 
4-section computations include 1 wide section, 2 narrow sections, and 
1 medium-width section. When only 3 sections 2 narrow and 1 of 
medium width were combined, the computed total loads averaged 
236 percent and ranged from 69 to 497 percent (standard deviation, 
184 percent) of the measured total loads. The 5-section computation, 
combining data from 1 wide section, 3 narrow sections, and 1 medium- 
width section, was 190 percent of the measured total load.

These computations indicate that the Einstein method is sensitive 
to the computed representative cross section, at least in shallow 
streams (3 feet or less). For the Dunning reach, when the computed 
representative cross section is narrow and deep, the computed loads 
are too high; when it is wide and shallow, the computed loads are too 
low. In the 4-section computations, even though the representative 
cross section was weighted with 2 narrow sections (these narrow sec 
tions represent only a small percentage of the total reach length), the 
average computed loads were still too low. This fact suggests that 
the areas and widths were weighted too much with section A. Gen 
erally, flow through wide sections does not distribute evenly over the 
entire width, but it divides into relatively shallow and relatively deep 
channels. The mean depth of flow where the major part of the sedi 
ment load is discharged will ordinarily be distinctly different from 
that for the entire cross section. Thus, if an alluvial channel is 
wide and the flow is braided, computed loads based on average total 
areas and widths may be too low. The effect of the representative 
cross section on computations is emphasized by comparison of the 
one-section computations with the measured loads. Four computa 
tions for section C2 , a very narrow section, averaged 540 percent and 
ranged from 139 to 1,241 percent (standard deviation, 483 percent) 
of the measured total loads. However, 4 computed total loads at 
section E, a section with an area and width approaching those of a
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representative cross section, averaged 115 percent and ranged only 
from 31 to 240 percent (standard deviation, 94 percent) of the measured 
total load.

Total loads from the four-section and section E computations are 
plotted against comparable measured total loads in figure 24. The 
figure shows the lack of agreement between the computed and meas 
ured total loads even though the average percentage indicates a 
reasonably good comparison. Included in the figure are computed 
total sediment discharges for section E that are based on computations 
of bed-material discharge made by E. L. Pemberton in 1950 (written
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communication). The Pemberton computations were made by using 
a slope of 0.00128 and a slightly different bed-material size distribu 
tion for section E than the one used for this report.

Comparisons of the computed loads larger than 0.125 millimeter 
(bed-material discharge) to the measured loads for the same fractions 
showed less accuracy (more percentage deviation) than the comparisons 
of computed total loads to the measured total loads. The 4-section 
computations averaged 82 percent but ranged from 13 to 167 percent 
(standard deviation, 64 percent) of the measured loads; the 5-section 
computation was 232 percent of the measured load; and the 3-section 
computations averaged 314 percent and ranged from 65 to 756 percent 
(standard deviation, 304 percent) of the measured loads. These com 
parisons are better indicators of the accuracy of the Einstein method 
than are comparisons of total loads. However, none of the compari 
sons are fair tests of the accuracy of the Einstein method because the 
number and location of the cross sections, which were selected for 
this investigation, did not meet Einstein's recommendations.

The size distributions of the computed loads do not compare favora 
bly with the size distributions of the measured loads. In most of the 
computations the largest part of the total load was in the 0.25- to 0.50- 
millimeter fraction. However, the largest part of the measured total 
load was usually in the 0.125- to 0.25-millimeter fraction.

MODIFIED EINSTEIN PROCEDURE

A modification of the Einstein procedure for computing the total 
sediment discharge of an alluvial stream has been presented by Colby 
and Hembree (1955). The modification was developed during a 
study of the Niobrara River near Cody, Nebr., and is based on 
Einstein formulas (1950), but it differs from the Einstein procedure in 
four phases.

The following information from a given section at a given time is 
required for the computation of total load by this modified procedure: 
effective width, mean depth, and mean velocity of the flow; concen 
tration and particle-size distribution of the suspended sediment in 
the sampled zone; particle-size distribution of the bed material; 
water temperature; average depth at the sampled verticals and dis 
tance from the bottom of the sampled zone to the stream bed.

MODIFIED FORMULA FOR SHEAR VELOCITY

For the modified formula the shear velocity is computed from a 
transposed form of equation 9 of H. A. Einstein (1950, p. 10) in which 
the shear velocity and hydraulic radius are the same as those given by 
G. H. Keulegan (1938), except the shear velocity is designated as
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um and for a wide channel the hydraulic radius is replaced by the mean 
depth, d,

u

6.75 log* (l2.87 g

in which  
(RS)m is the quantity that is obtained by solving equation a for

(RS)m from a known numerical value of u. 
g is the gravity constant, 32.2 feet per second per second. 
u is the mean velocity, in feet per second, in the cross section and

is usually from a streamflow measurement. 
£ is a dimensionless transition parameter. 
ks is the bed-material size, in feet, considered to be representative

of bed roughness   used by Einstein (1950) as equal to D65, 
where  

Z?65 is the particle size at which 65 percent of the bed material by
weight is finer.

Solution of equation a is by trial; x is the trial factor. Plate 6 shows 
the relationship of x to ks/8 where  

(b)
um 

in which  
8 is the thickness, in feet, of the laminar sublayer. 
v is the kinematic viscosity, in square feet per second.

MODIFIED FORMULA FOB COMPUTING TOTAL SUSPENDED-SEDIMENT 
DISCHARGE OF SOME SIZE FRACTIONS

The suspended-sediment load of a size fraction moving through 
a cross section can be expressed by a form of Einstein's equation 33 
(1950, p. 18).

in which  
Q, is the suspended-sediment discharge of a size range.
w is the effective width of the cross section.
u* is the shear velocity.
ca is the concentration of sediment particles of a size fraction at

a distance, a, above the stream bed. 
A is the distance of the lower limit of integration above the stream

bed divided by the mean depth, d. 
z is the exponent of the equation that describes the vertical dis

tribution of suspended sediment.
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P is a parameter, and J\ and J2 are integrals. 

P =2.303 Iog10 (30.2~)

where  

y is a distance above the stream bed.
Also, the equation for the concentration distribution in a vertical 
(Einstein, 1950, equation 29, p. 17) can be written in the form  

in which  
cy is the concentration of sediment particles of a size fraction at

the distance, y, above the stream bed.
For any given distance, a, ca[A/(l  A}]* is necessarily constant. 

Thus 

5.75 
2.

in which 
K is a constant. 

By substitution 

If a single prime mark designates association with the sampling depth 
and a double prime mark designates association with the total depth 
through which suspended sediment is discharged, the ratio of the 
measured suspended sediment of a size fraction discharged through 
the sampling zone, Qsf , to the suspended sediment of the size fraction 
discharged through the total depth, Qs", can be transposed and ex 
pressed by 
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MODIFIED FORMULAS FOR THE EXPONENT z

In the modified procedure, computations of the total sediment dis 
charge can be made with a z determined for each size range by any 1 
of 4 different methods; however, computations are generally made with 
a z called z^.

In accordance with equation c, cv versus (d y)jy plotted on loga 
rithmic coordinate paper establishes z\ for a given size fraction. (%i 
is the slope of the line.)

Figure 25 shows z\ plotted against zm where zm equals Vs/QAum . 
At a given cross section and time, QAum is a constant; thus, the slope 
of a line defined by any individual set of Zi's shows the variation of 
that set with Vs, the fall velocity of the geometric mean particle size 
of a size range. The average of all the slopes indicates that Zi is pro 
portional to the 0.7 power of the fall velocity when V, is from Kubey's 
equation (1933).

Q," can be computed from Einstein's equation 61 (1950, p. 40) if 
the equation is written as 

Qa"=iB QB (PIi"+I2")

in which 
iBQs is the bed-load rate for the entire width (sediment discharge,

in tons per day, through the bed layer of particles of a size
fraction). 

/i" is a mathematical abbreviation that contains Ji".

I2" is a mathematical abbreviation that contains J2" and is 
negative.

Az~l 
72"=0.216 /j_^\« «J»"

_ &>  j n  /ili/2
where  

KI is a constant for a given section and time and equals //'/Ji"
or 72"/J2". 

This equation combined with equation d gives  

iBQ
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or  

/ I J f\i -f-e/2 J

Equation f is given by Colby and Hembree (1955, equation C) for 
computing z2 . Because QB' and iBQB are computed independently 
of z, only one numerical value for z will determine / and J quantities 
to satisfy equation f.

A z3 can be computed from Q/ and <?/". Q,"r is the measured total 
sediment discharge of a size fraction for the entire width. Einstein's 
equation 63 (1950, p. 40) can be written in the form  

(g)
Eliminating iBQB by use of equation

f) f cpr n\ j
*£s _ V.* -M l-*-2 ) \^ t/1 ~T~«/2 ) fL\ 

H/* (x /I ~T~-/2 ~T~1) ( * t/1 "T"t/2 )

Only one 23 will give / and J quantities that will satisfy equation h 
with a given Q,' to Q,rtt ratio.

Colby and Hembree (1955) have designated a z from an empirical 
equation as e4. They have used the equation 24=4.6 (Fg)°- 7 ; however, 
they pouit out that an equation of this type does not contain any 
parameter of flow or turbulence and is not likely to be generally appli 
cable to streams other than the one for which it was defined.

MODIFIED FORMULAS FOR FLOW AND BED-LOAD TRANSPORT INTENSITIES

Einstein's equation 54 (1950, p. 37) defines the flow intensity for 
a size fraction by 

in which 
£ is a hiding factor of grains in a mixture and decreases to 1.0

for particle sizes large enough to make DIX greater than 1.5. 
F is a pressure correction in the transition from smooth to rough

flow and is a function of ks/d. 
j8 is equal to logIO (10.6). 
j8z is equal to logio (iQ.QXx/ks). 
ty is a function for correlating the effect of the flow with the

intensity of bed-load transport, 
where 

D is the geometric mean size, in feet, of a size fraction. 
X is the characteristic grain size of the bed mixture.
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For the modified procedure, ^ is from Einstien's equation 49 (1950, 
p. 36); however, (RS) m is substituted for R'Se.

D
*~^> *'(RS) m

in which 
Ss is the specific gravity of the solid sediment particles. 

A flow intensity computed with the substitution in the ^ equation 
does not have the same numerical value as a flow intensity computed 
with the original Einstein equation. Many numerical values for 
Y(ftlftx) 2 were computed by Colby and Hembree (1955); they ranged 
from 0.3 to 0.6 and averaged about 0.4. Combining the 0.4 with 
the modified equation for ^ gives an average equation of the flow 
intensity for particle sizes for which £ is equal to 1 (Colby and Hem 
bree, 1955, equation I).

For the particle sizes small enough for £ to be greater than 1.0, 
a function different from equation i had to be selected. The selected 
equation was Einstein's equation 11 (1950, p. 10), which for the modi 
fied procedure (Colby and Hembree, 1955, equation H), becomes  

in which  
Z>35 is the particle size, in feet, at which 35 percent of the bed

material by weight is finer.
In a computation of the load of a size fraction, the larger "3rm from 
equations i and j is used. Thus, a "&m from equation j is always used 
for particle sizes smaller than 2.5 D35, and for all such sizes ^rm is a 
constant.

This application of equations i and j is somewhat analogous to 
Einstein's use of £. Equation i replaces the part of the curve in 
Einstein's figure 7 (1950) for which £ equals 1.0, and equation j 
replaces the part for which £ is greater than 1.0. Use of equation j 
gives a flow intensity that does not change with particle size. A 
constant flow intensity for the smaller particle sizes could be com 
puted from Einstein's equation 54 (1950, p. 37) if the £ versus D/X 
curve had a slope of 1.0 for values of D/X less than 1.0. Colby and 
Hembree (1955, fig. 44) illustrate that when z is considered to be 
proportional to the 0.7 power of the fall velocity, the £ versus DfX 
curve does have an average slope of about 1.0.
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Flow intensities computed as ^fm are different from those computed 
as SE^. However, for the modified procedure, ^m is used for SE%, and 
the $ . determined from the SE^ versus $* curve (Einstein, 1950, fig. 
10) is divided by two to obtain the intensity of bed-load transport. 
A z2 determined from an iBQs that is computed from $*/2 has about 
the same numerical value as a comparable zz . Also, a load computed 
with such a z2 is comparable to the measured total load.

COMPUTATION PROCEDURE

Colby and Hembree (1955) have presented an explanation of the 
total load computation procedure; however, a brief explanation is 
presented here to review the essentials of the procedure. A sample 
total load computation based on information from measurements of 
water and sediment discharges made on December 14, 1950, at 3:30 
p. m. is shown in plate 7. This sample computation is merely for 
illustration, and none of the numerical values are referred to in the 
following step-by-step explanation.

The computation form (pi. 7) is separated into four major computa 
tion blocks, which are headed: block I, preliminary data and computa 
tions; block II, computation of iBQB ', block III, computation by z2 ; and 
block IV, computation by zx .

Step 1. Fill in line 1, block I, with the basic data in pound-foot- 
second units; w, effective width; u, mean velocity; d, mean depth; 
ds, average depth at the verticals sampled; D^ (or ks) and Z>35, particle 
size at which 65 and 35 percent, respectively, of the bed material by 
weight is finer; Cone, measured suspended-sediment concentration 
(in parts per million); QsM, measured suspended-sediment discharge 
(in tons per day); and Temp, water temperature in degrees Fahrenheit. 
(The English system of units is used throughout the computation.)

Step 2. Solve the converted form of equation a, line 2, block I, for 
T/(RS)m after assuming a trial x, _____

Step 8. Compute (RS)m from the -}j(RS) m determined by step 2.
Step 4- Compute the shear velocity, um, from T/(RS)mg, in which 

T/(RS) m is from step 2 and g is the gravity constant, 32.2 feet per 
second per second.

Step 5, Compute S from equation b, in which v is the kinematic 
viscosity, in square feet per second, at the indicated water temperature 
and um is from step 4. Tables or graphs of the kinematic viscosity 
of water are given in most text books on fluid mechanics and engineer 
ing handbooks.

Step 6. Calculate ks/S and enter plate 6 for x. If the trial x is not 
about the same as the x from the plate, repeat steps 2 through 6.

Step 7. Solve for P, (p. 48) on line 3.
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Step 8. Determine Af , on line 4, from Af =dn/ds, in which dn is 
the vertical distance, in feet, not sampled; that is, the distance from 
the bottom of the sampled zone to the stream bed.

Step 9. From fig. 26, find the percentage of flow in the sampled 
zone by using the computed A' and P.

Step 10. Compute the load in the sampled zone (Qtsf) by multiply 
ing the percentage of flow in the sampled zone by the measured 
suspended-sediment discharge (Q*Af).

Step 11. List the percentage of measured suspended sediment in 
each size range under the geometric mean size of the range (line 5) 
on line 6 if the percentages were determined from an actual size 
analysis or on line 7 if they were determined by some other means. 
Line 8 is not completed unless the size distribution of the measured 
total load is known and is to be used in checking the accuracy of the 
computed total load.

Step 12. List hi column 1, block II, each geometric mean size of 
the size ranges that have appreciable bed-load discharge (iBQ,B)-

100

0.01
FRACTION OF DEPTH NOT SAMPLED, A 

FIGURE 26. Vertical distribution of streamflow.
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Step IS. Compute a "$  for each size range, first by equation i and 
then by equation j. List the larger ^TO in each size range in column 2.

Step 14- Determine the $# for each size range from plate 8 by 
using ~^fm in column 2 in place of ^. Divide each $* by 2 and enter 
the quotients hi column 3.

Step 15. Einstein (1950, step 34, p. 59) has defined iBq_B, the sedi 
ment discharge in pounds per second per foot of width through the 
bed layer of particles of a size fraction, as the product of the intensity 
of bed-load transport, ib, ss , f'z, D3'2, and (S. 1) 1/2. For the modified 
method this equation may be written as 

1*2-=^ *APi/f^"a (fl'i -l) l 'a=l l200W?> /« |* (k)

in which 

the intensity of bed-load transport is represented by $* in the 
Einstein method and by $*/2 hi the modified method. The 
intensity of bed-load transport is dimensionless.

it, is the fraction by weight of bed material hi a size range.
sa is the mass density of the sediment and equals the product of 

2.65 and 1.94 slugs per cubic foot (5.14 slugs per cubic foot).

Sa is the specific gravity of the sediment (2.65).
List the value of 1,200 Z>3/2 for each size range in column 4. D is the 
geometric mean size of the size range.

Step 16. Enter the fraction of bed material hi each size range (£6) 
in column 5.

Step 17. Compute iBqB for each size range from equation k in step 
15 and list in column 6.

Step IS.  Compute the constant 43.2w for entry in column 7. 
This w is the effective width, and 43.2 is a constant converting pounds 
per second to tons per day.

Step 19. Compute iB QB for each size range and enter in column 8. 
iB QB is the product of iBqB and 43.2-w?.

Step 20. List in column 9, block III, the geometric mean size of all 
the size ranges that are transported. (Column numbers for blocks 
III and IV are at the bottom of block IV.)

Step 21. Compute the load hi the sampled zone of each size range 
($/) as the product of the load in the sampled zone ((?</) (line 4, 
block I) and the percentage of measured suspended sediment in each 
size range (from lines 6 or 7, block I). If the percentages from line 6 
are used, enter the product in column 10; if from line 7, enter the pro 
duct in column 11.

Step 22. Copy in column 12 each iB QB from column 8, block II.
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Step 23. Compute A" for each size range from A" 2D}d and enter 
in column 15. A" is equal to the distance of the lower limit of inte 
gration above the stream bed, a, divided by d. Einstein (1950, p. 25) 
shows the relation, a=2D.

Step 24. The large box, headed "Determination of reference Zi" 
in block III is used in this step. Select the reference size. The 
reference size should be the geometric mean size of a size range that 
is represented in appreciable quantitites in both bed-load discharge 
and suspended-sediment discharge. For streams in which the bed- 
load discharge is a substantial part of the total load, the reference 
size range ordinarily will be the range that has the greatest total 
sediment discharge. Once the reference size is selected, it can be 
used for all subsequent computations. Compute the value of the 
ratio Qs'/isQa (left-hand side of equation f) for the reference size. 
Assume a zz for the reference size (fig. 27 will aid in a first approxima 
tion for many shallow streams) and solve the right-hand side of equa 
tion f with values from plates 9, 10, and 11, using A' and A" with the 
assumed Zz of the reference size. When the right and left sides of the 
equation balance, the assumed z is the proper 22 for the reference size 
range.

Step 25. Because z varies with about the 0.7 power of fall velocity 
and because flow characteristics that might cause z to vary are 
constant at a given cross section and time, the 02 for the other size 
ranges can be computed by proportion from the 02 for the reference 
size range.

,0.7

in which 

Zzu is the unknown and required zz for a size range.
02r is the known zz for the reference range.
Vsu is the fall velocity of the geometric mean size of the range

requiring the %. 
Vsr is the fall velocity of the geometric mean size of the reference

range.

Curves for the different size ranges of (VSJVST)°- 7 (called multipliers) 
versus temperature are plotted on plate 12; the 0.125- to 0.25-milli 
meter size range is the reference range. The z^ for any size range ia 
the product of the zz for the reference range and the multiplier at the 
indicated water temperature for the size range. List in column 13 the 
multiplier for each size range.

Step 26. Compute the 22 for all size ranges from the z2 for the 
reference range and the multiplier. (See equation m.)
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Step 27. Complete columns 16, 17, 18, and 19 for the size ranges 
where the ^ is less than about 0.9; use plates 9 and 10 and the 02, A', 
and A" for each size range.

For low values of z, variations of z result in low rates of change in 
PJi"'-f-J2" and high rates of change in P//'-}-//'. For high values 
of z, variations of z result in the reverse. For a z of about 0.9, the 
rate of change in PJ1//+J2// and PIi"-\-I2" is about equal. Either 
equation d or equation g can be used to compute the total load of a 
size fraction. (Any appreciable values of iB QB must be added to 
values from equation d for the total load.) If z is less than 0.9, the 
load should be computed with equation d; if z is greater than 0.9, the 
load should be computed with equation g. When 02 is used, the z% for 
the reference size is determined by using both PeT/'-f-J/' and 
PIi"-\-I2". (See equation e.) Therefore, loads computed for the 
reference size with either equation d or g will be about the same.

Step #£. Compute the ratio (PJi"+J2")/(Pe/i'+e/2 ') (equation 
d) from P (line 3, block I) ard the information computed in step 27. 
e/2 is always negative. List the ratios in column 20.

Step 29. Complete columns 21 and 22 for all size ranges for which 
no J was determined; use plates 11 and 13 and the z% and A" for 
each size range.

Step 80. Compute PIi"-\-I2"-\-l (equation g) for entry in column 
23 from P and the information in columns 21 and 22. /2" is always 
negative.

Step 31. Compute the total sediment discharge of all the size 
ranges for which J quantities were determined; it is the product of 
the values in column 20 and in column 10 or 11 (see equation d) plus 
any appreciable values of iB QB . Enter the total sediment discharge 
in the appropriate column either 24 or 25.

Step 82. Compute the total sediment discharge of all the size 
ranges for which / quantities were determined; it is the product of 
the values in columns 12 and 23. (See equation g.) Enter the total 
sediment discharge in either column 24 or 25.

Whenever any type of z other than 02 is used in the computation, 
steps 20 through 24 are altered. An example using a zx will be 
explained in the following steps. The symbol z* is used to represent 
either zi, z3 , or 04 .

Step 20d. Compute zx for the reference size according to the 
information on pages 49 to 51. (See explanation of reference size 
in step 24.)

Step 21 a. List in column 9, block IV, the geometric mean size 
of all the size ranges of sediment that are transported.

Step 22a. Compute and enter Q,' for each size range according 
to step 21.
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Step %8a. Compute A" for each size range according to step 23 
and enter the values in column 15, block IV.

Step 24&- The large box, headed "Determination of reference 
zx and comparable iBQu" in block IV is used in this step. For a 
given zx, A", A', and <?,', only one iBQB will satisfy equation f. 
In other words, at a given cross section and time and for a given zxt 
only one iBQB will reproduce the measured suspended sediment in the 
sampled zone. (For the reference size, if the zx is the same as the 
computed z%, the computed iB QB will be the same as the iBQB in 
column 8, block II.) Solve directly for iB QB of the reference size; use 
equation f and the reference size Qt', zx, A", and A'. Enter the value 
in column 12, block IV.

Step 25a. Proportion each iBQB listed in column 8, block II, 
in the same proportion as that between the iBQB computed in step 
24a and the iB QB listed for the reference size in column 8, block II. 
Enter the value of each proportioned iBQB in column 12, block IV.

Step %6a. Continue as before, starting with step 25.
Ideally, the total sediment discharge would be computed by sum 

ming the sediment discharges through increments of width, through 
out each of which all the various hydraulic parameters are constant. 
However, if computations are made for sections or parts of sections 
through which the velocities are fairly uniform laterally, the results 
will be satisfactory because lateral changes in velocity have more 
effect on the total load computations than lateral changes in other 
parameters particularly if the velocities are less than 1.5 feet per 
second. Colby and Hembree (1955) advise avoiding sections in 
which a large percentage of the cross-sectional area has flow at veloci 
ties of generally less than 1.5 feet per second. However, they sug 
gest that the total sediment discharge of such sections can be com 
puted by summing the individual sediment discharge of segments of 
the cross section; the flow in each segment should have relatively 
constant velocities.

COMPUTATIONS BY THE MODIFIED EINSTEIN PROCEDURE

Sixty-three total sediment discharges for the selected river sections 
were computed with the modified Einstein method. The loads, by 
individual size fractions, computed for each section and time are 
listed and compared with the measured loads at section D (at com 
parable times) in table 8. The computed total loads ranged from 
64 to 166 percent and averaged 112 percent of the measured total 
load. The standard deviation of the 63 individual percentages was 
22 percent. Thus, if an infinite number of similar computations 
were made and the computed loads were expressed as percentages 
of the measured total load, roughly two-thirds of the percentages

468443 59   5
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would be within ±22 percent of the mean percentage, and the chances 
are 19 out of 20 that the mean percentage would be within a range of 
107 to 117 percent of the measured total load. A comparison between 
the computed total load and the measured total load is shown on 
figure 28. The discontinuous dashed lines indicate the computed 
total load in percentage of the measured total load. The 112 percent 
is an unweighted average of the individual percentages. However, if 
computations are made to determine a continuous accumulation of 
sediment, a weighted average is more representative of the accuracy 
of the method. The sum of the computed total sediment loads was
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111 percent of the sum of the measured total sediment lo'adis .at:the 
turbulence flume at comparable tunes.

In this report, the following information from each section was 
used for the computations of total sediment discharge: The average 
bed-material size distribution that was determined from all available 
samples, other than special samples, collected at the section; the 
measured suspended-sediment concentration and size distribution; 
the measured sediment discharge computed from the rated water 
discharge, except when the load was computed by parts; multipliers 
based on fall velocities from Rubey's equation. Most of the com 
puted total loads for section A and some of the computed total loads 
for section E were determined from individual computations for each 
of two parts or more of the section. The procedure of computing 
the total sediment discharge at a section by parts usually improved 
the agreement between the computed and the measured total loads.

STBAUB EQUATION

L. G. Straub (IT. S. Cong., 1935) developed, for various flow con 
ditions, a series of equations from the original formula by P. du Boys. 
The Du Boys formula is based on the ideas that bed sediment is moved 
by a shear, or tractive, force created by the component in the direction 
of flow of the weight of water above the bed and that there is a critical 
shear at which general movement will begin. The formula is intended 
to compute the discharge of sediment that moves along or near the 
bed. A form of Straub's equation 8 (U. S. Cong., 1935, p. 1135) 
was selected for this report.

#=43.2 eS2 tetod(d-d0)]

in which 
G is the sediment discharge, in tons per day.
43.2 is a constant for converting pounds per second to tons per 

day.
& corresponds to Straub's Mr, the transportation characteristic, in 

pounds per cubic foot per second.
S is the slope of the energy gradient and in this report is con 

sidered to be equal to the slope of the water surface.
d0 is the minimum depth at which bed sediment will move and'

equals re/yS. 
where 

TC is the critical tractive force, in pounds per square foot, at 
which general sediment movement begins.

7 is the specific weight of water and equals 62.4 pounds per cubic 
foot.

468443 59   6
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Straub determined the following values for 6 and TC :
Mean diameter, in 

millimeters, of /> 
bed material v Tc

0. 125 523,000 0.0162
. 25 312,000 .0172
.50 187,000 .0215

1.0 111,000 .0316
2. 0 66, 200 . 0513
4. 0 39, 900 . 089

Values of 8 and TC for the median diameter of bed material were 
determined for use in the computations in this report from graphs of 
6 and re versus particle size that were based on the above table. 
The sediment load was determined by summing wd(d d0) for about 
30 subsections of the cross section.

Loads from computations for section E are shown with other per 
tinent data in table 9. Comparisons show that the computed loads 
are generally much too high and that they are, on the average, about 
twice the measured total loads at section D. The equation seems to 
be more suitable for deep streams or shallow streams that have flat 
gradients than for streams that have hydraulic characteristics like 
those of the Middle Loup River.

KALINSKE EQUATION

A. A. Kalinske (1947) has developed an equation for computing the 
bed-load discharge of unigranular material. The basis for the equa 
tion is that the bed-load discharge is equal to the product of the 
average velocity of the particles, the weight of each particle, and the 
number of particles. From an analysis of the turbulent variations 
in stream velocity in the zone of bed-load movement, the average 
particle velocity is related to the ratio of the critical tractive force (or 
critical shear) to the total shear. The product of the particle weight 
and number simplifies to the product of a constant, the specific weight 
of a particle, and the part of the bed area taking shear. Kalinske also 
presented a method for adapting the equation to sand mixtures. In 
the adaption, the load of each size range is computed independently, 
and the part of the bed taking shear for each size range is expressed 
as a proportion of the whole bed area taking shear. In this report, a 
form of Kalinske's equation lOa is used for sand mixtures.

06=43.2 wu* ygDpt 7.3 (UJU)
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in which 
gb is the bed-load discharge, in tons per day, for a size range. 
43.2 is a constant for converting pounds per second to tons per

day. 
 w* is the shear velocity, in feet per second, and equals -\/dSg

for wide channels. 
ye is the specific weight of sediment particles, in pounds per cubic

foot. 
D is the mean particle-size diameter, in feet, of a size range and

in this report is used as the geometric mean. 
Pt is the part of the bed area occupied by the particles in the size

range and is equal to p(ii>/D)/m. 
7.3 is a constant.
Ug/U is the ratio of the mean speed of movement of the particles 

of a size range to the mean velocity of flow at the grain level 
and is a function of TC/TO for constant values of r, the relative 
intensity of turbulence. (Fig. 29 is used to obtain Ug/U from 
TC/TO .) 

where 
p is the part of the bed area taking shear and has experimentally

been shown to equal 0.35 for unigranular material. 
m is the summation of all values of i^/D for the various size ranges

that compose the bed.
T0 is the total shear at the bed and equals ydS.

The total bed-load discharge, <?&, is the sum of the 06 for each size 
range in the bed.

The results of 17 computations for section E by the Kalinske 
equation are given in table 9. Computed discharges seem to be in 
the proper order of magnitude; however, the range of the discharges 
for the different hydraulic conditions was relatively small. In general, 
low discharges were associated with high total sediment discharges 
and high unmeasured sediment discharges, and high discharges were 
associated with low total sediment discharges and low unmeasured 
sediment discharges. In addition, figure 30, which is a graph of the 
concentration of measured suspended sediment coarser than 0.125 
millimeter plotted against computed bed-load discharge, shows that 
low discharges are associated with high concentrations and that high 
discharges are associated with low concentrations. According to 
the equations for the vertical distribution of sediment and the 
relationships between bed-load discharge and suspended-sediment 
concentration presented by Einstein (1950), the concentration of sus 
pended bed-material load and the concentration of the measured 
suspended bed-material load will generally increase as bed-load 
discharge increases.
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SCHOKLITSCH EQUATION

Samuel Shulits (1935, p. 644-646, 687) has published a discussion 
of the Schoklitsch bed-load equation. The basis for this equation is 
that bed material will begin to move at some critical flow and that 
the bed-load discharge is proportional to the work done by the part 
of the tractive force in excess of that needed to overcome the resistance 
along the wetted perimeter. If A0 is the cross-sectional area of a 
flow that is just sufficient to move the bed material and Af is the 
cross-sectional area of flow, with no change in width, the effective 
part of the tractive force in moving bed material is yS(Af A0}. 
Also, if the velocity of the tractive force is proportional to the mean 
velocity of flow, u, then the work done by the effective part of the 
tractive force is CiUyS(Af A0) or CiyS(Q w Qo). Hence, if the bed- 
load discharge is proportional to the work, 6r6 is equal to CyS(Q w Q0). 
The constant, C, is a function of the slope and the particle size. Tne 
final equation for the unigranular material is 

in which 
D is the mean particle size, in inches, and in this report it is

used as the geometric mean.
Q w is the instantaneous water discharge, in cubic feet per second. 
q_ 0 is the water discharge per foot of width just sufficient to move 

bed material. It is the critical water discharge per foot of 
width and equals 0.00532 D/Si/z .

For sand mixtures, the bed-load discharge, in tons per day, of each 
size range, is computed according to the above equation, and the 
bed-load discharge for all size ranges is a weighted summation of 
each individual range. The weighting factor for the load in each 
range is the fraction of the total bed mixture which that range 
represents.

Seventeen computations of the bed-load discharge at section E 
were made with the Schoklitsch equation for sand mixtures. The 
results of these computations are given in table 9. Computed 
discharges tend to increase slightly as both the total sediment dis 
charge and the unmeasured sediment discharge increase; however, 
five of the computations gave bed-load discharges greater than 
comparable unmeasured sediment discharges. In general, computed 
discharges were higher than those computed with the other bed-load 
formulas. The different hydraulic conditions produced a fairly 
wide range of computed discharges, but the discharges did not vary 
consistently with any of the hydraulic parameters that were examined.
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Figure 30 shows that computed discharges tend to increase as the 
concentrations of measured suspended sediment coarser than 0.125 
millimeter increase. These computations seem to indicate that 
computed, discharges include the bed-load discharge and a part of 
the suspended-sediment discharge.

MEYER-PETER AND MULLER EQUATION

Meyer-Peter and Muller (1948) have presented an equation for 
computing the bed-load discharge in natural streams. The equation 
is based on tests that were made in laboratory flumes of various scales 
and in the region of fully developed turbulence. The shearing stress 
was shown to be an important factor in bed-load transport by these 
tests, which were made throughout wide ranges of slope, particle size, 
water depth, water discharge, and specific gravity of sediment. For 
wide channels, the equation can be written 

.3/2 /-vY/3

?) 9* 

in which 
7 is the specific weight of water and equals 1 metric ton per 

cubic meter (1 gram per cubic centimeter). This parameter 
is called specific gravity with the units indicated by Meyer- 
Peter and Muller and is designated yw,

kT is the coefficient of particle friction with a smooth bed and is 
equal to 26/ZV76.

k t is the coefficient of roughness, given by Meyer-Peter and 
Muller as ks and is equal to ufd^S1'2.

d is the mean depth of water, in meters, and is given by Meyer- 
Peter and Muller as h.

E is a constant that equals 0.047 and is given by Meyer-Peter 
and Muller as A".

7g is the specific weight of the sediment under water and equals 
1.65 metric tons per cubic meter (1.65 grams per cubic centi 
meter) for this report. This parameter is called the specific 
gravity under water by Meyer-Peter and Muller with the units 
indicated above and is designated as 7,.

Dm is the "effective diameter" of the bed-material mixture, in 
meters, and is equal to 2Dij,.

F is a constant that equals 0.25 and is given by Meyer-Peter and 
Muller as B".

g is the gravity constant and equals 9.815 meters per second per 
second.

g, is the bed-load discharge per meter of width, in metric tons 
per meter per second (1 x 108 grams per meter per second), as 
measured under water.
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where 
< DM is the particle size, in meters, at which 90 percent of the bed 

material by weight is finer.
u is the mean velocity of flow, in meters per second.
D is the geometric mean size, in meters, of a size fraction. 

Seventeen bed-load discharges for section E that were computed 
with the Meyer-Peter and Muller equation are given in table 9. 
Computed discharges compare reasonably with total sediment dis 
charges and unmeasured sediment discharges. The different hydraulic 
conditions produced a relatively wide range of bed-load discharges, 
and the discharges varied progressively with progressive changes in 
several hydraulic parameters that were examined particularly mean 
velocity. Figure 30 shows that the computed bed-load discharges 
increase as the concentrations of measured suspended sediment coarser 
than 0.125 millimeter increase. On the basis of these computations, 
bed-load discharges computed with the Meyer-Peter and Muller equa 
tion seem to be accurate measures of the actual bed-load discharge.

SIZE DISTRIBUTION OF BED MATERIAL,

In alluvial streams, such as the Middle Loup River, the size dis 
tribution of bed material varies both laterally and vertically. The 
variations have been studied from regular and special samples from 
section E. Piston-type samplers that obtain cores about 2 inches in 
diameter and about 6 inches in length were used for all the sampling.

Because the size distribution of bed material varies laterally across 
a section (fig. 31), the size distributions of sample composites from only 
a few points have less possibility of being representative of the whole 
cross section than the size distributions of composites from many 
points. Data on April 26 and March 30, 1951, show the results when 
different numbers of samples are composited (table 4, section E). 
.For April 26 the composite of 3 samples has a distinctly coarser 
distribution than the composite of 29 samples, and for March 30 
.the composite of 3 samples collected at centers of maximum discharge 
sections has a coarser distribution than the composite of 7 samples. 
On the basis of data from section E, at least five samples, but prefer- 
,ably more, should be collected for a composite to define adequately 
the bed-material size distribution at a cross section. 

; An example of the vertical variation in the size distribution of 
bed material for one time and station is given in figure 32. Size 
analyses of the top 0.5 inch of 6-inch cores (table 4, section E) and 
size analyses from station 77 on May 6, 1952, (fig. 32) indicate that, 
in general, the material near the surface of the bed is somewhat 
finer than that for an entire 6-inch core. However, at any station
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the vertical size distribution is continually changing as dunes move 
through the section.

The median particle size of bed material at sections A, C2 , and E, 
determined from 6-inch core samples, seems to have no direct relation 
with either the water discharge or the water temperature (fig. 33). 
First- and third-quartile particle sizes at section A also showed no 
such relation.

On streams such as the Middle Loup Kiver, where sediment is 
relatively coarse and unlimited in supply and where the size dis-
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tribution is evidently unrelated to water discharge and water tempera 
ture, the most representative size distribution can probably be de 
termined from an average of all available samples.

VARIATIONS IN zl

The equation for the vertical distribution of suspended sediment 
has been recapitulated by Einstein (1950, equation 29) as 

in which  
z equals

^^(^y a Y
ca \ y d a)
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where  
k is the Von Karman coefficient for turbulent exchange. 

Andersen (1942), Vanoni (1941), and others have found that the expo 
nential form of this equation is satisfactory but that z should be 
replaced by zi} the exponent that fits the measured data. Vanoni 
(1941) has proposed that differences in z and Zi for fine particle 
sizes result from the derivation of z when the sediment transfer 
coefficient and the momentum transfer coefficient are assumed to 
be equal. Einstein and Ning Chien (1954) developed formulas for 
Zi on the assumptions that mixing lengths are of variable distance in 
all directions and that the concentration changes along the mixing 
length. Colby and Hembree (1955) demonstrated that Zi varies, 
on the average, with about the 0.7 power of the fall velocity when 
fall velocities are based on Rubey's equation.

For Nebraska sandhill streams, a z\ less than about 0.7 is generally 
larger than an associated 0 that is computed with a Vs from figure 34, 
a k from velocities determined from the point-integrated samples used 
to define the zit and a u* from -JdSg. (See fig. 35.) However, for 
flumes and relatively deep streams, other investigators have found 
that a Zi less than 1.0 is about equal to an associated z. The differ 
ence in the 0t versus z relationship is because values of k for sandhill 
streams are larger than those for flumes and relatively deep streams.

Flume experiments and measurements in relatively deep streams 
indicate that k is generally lesj than 0.4 and that k decreases as sedi 
ment concentration increases. However, for the Niobrara River, 
Colby and Hembree (1955) found that k varies markedly; investiga 
tions for other Nebraska sandhill streams show that k varies from 
about 0.4 to 4.00. This range is for k's that are averages of the k's 
at sampled verticals in a cross section ; each k at a vertical was deter 
mined from the velocity profile that was defined by point-integrated 
samples at 3 or 4 points in the vertical, sampling verticals were not 
consistent with respect to their position on the dune, and the relative 
roughness of the bed in the vicinity of the sampling verticals varied 
widely and was often very great. Because the theory of velocity dis 
tribution probably is invalid where the relative roughness is extremely 
great, the significance of a k determined from these samples is un 
known.

For sandhill streams that have a range of k from 0.4 to 4.00, zl varies 
inversely with about the 0.6 power of k. (See fig. 36.) Throughout 
this range of k, the relation seems to be continuous.

For these same streams, Zi can be expressed as a power of 0. Figure 
37, which includes some of the data used by Colby and Hembree 
(1955), shows that z: varies with about the 0.6 power of z. The fall 
velocities for this graph are based on data from figure 34. If fall
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velocities (fig. 38) are based on Rubey's equation (1933), a graph 
similar to figure 37 can be developed by plotting %i against 2°- 7. Data 
obtained by Anderson (1942) and data from the Mississippi River at 
St. Louis generally plot within the limits of the scatter in figure 37; 
however, these data have been omitted in order to avoid any impli 
cation that the relationships have any known theoretical basis or will 
be representative of all streams.

CONCLUSIONS

For the normal ranges of water discharge of the Middle Loup 
River at Dunning, Nebr., about 75-80 percent of the measured sus 
pended sediment at the 6 selected river sections is coarser than 0.062 
millimeter, and about 40 percent is in the 0.125- to 0.25-millimeter size 
fraction. Also, the median diameter of bed material is in the 0.25- to 
0.50-millimeter range.

Vertical distributions indicate slightly more turbulence at section C 
than at the selected river sections. Also, about 88 percent of the 
measured suspended sediment entering the flume at section C is 
coarser than 0.062 millimeter, and about half of the total sand is in 
the 0.125- to 0.25-millimeter size fraction, although the median bed-
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material size just upstream from section C is about the same as that 
at the river sections.

About 90 percent of the measured total sediment discharge at sec 
tion D is coarser than 0.062 millimeter, and about 35 percent is in the 
0.125- to 0.25-millimeter size fraction.

The total sediment discharge varies about as the cube of the water 
discharge; however, the relationship is not well defined.
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FALL VELOCITY, IN FEET PER SECOND

FIGTJEK 38. Variation of fall velocity with temperature from the Rubey equation.

: Forty-four determinations of the ratio of daily sample concentra 
tions to cross-section concentrations at section D averaged 1.03 and 
ranged from 0.72 to 1.61. Fluctuations of this ratio cannot be ex 
plained by any of the common flow parameters.

Computations by the Einstein procedure indicate that accurate 
sediment discharges can be obtained only if the computed cross 
section is representative of the reach that is being studied. For the 
Dunning reach, when the computed cross section was narrower and 
deeper than a representative cross section, computed loads were 
high; and when the computed cross section was wider and shallower 
than a representative cross section, computed loads were low. How 
ever, when section E, which is probably nearly representative of the 
Dunning reach, was used as the cross section, computed total loads 
(computed discharge of sediment coarser than 0.125 millimeter plus 
the discharge of measured sediment finer than 0.125 millimeter) 
averaged 115 percent and ranged from 31 to 240 percent (standard 
deviation, 94 percent) of measured total loads. The accuracy of the 
Einstein procedure cannot be evaluated because only a limited num 
ber of cross sections were measured for this investigation and the 
computations did not include as many sections as recommended by
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Einstein to define adequately the representative cross section. How 
ever, of the various combinations of sections that were available, the 
four-section combination of section A, B (or BI or 25 feet upstream 
from B), C2 , and E gave the best average results. Computed total 
loads averaged 81 percent and ranged from 26 to 150 percent (stand 
ard deviation, 49 percent) of the measured total loads. Computed 
loads larger than 0.125 millimeter were less accurate than computed 
total loads. Also, in most computations, the largest part of the 
total load was in the 0.25- to 0.50-millimeter size fraction; however, 
the largest part of the measured total load was usually in the 0.125- 
to 0.25-millimeter size fraction.

Computations of total sediment discharge by the modified Einstein 
procedure averaged 112 percent and ranged from 64 to 166 percent 
(standard deviation, 22 percent) of measured total loads. Also, com 
puted loads by size ranges agreed fairly closely with comparable 
measured loads. On the basis of these computations, the procedure 
appears to be satisfactory for use on streams similar to the Middle 
Loup River. Although the procedure is satisfactory for any section, 
best results are obtained for sections where the lateral distributions 
of stream depth, stream velocity, and measured suspended-sediment 
concentrations are relatively uniform.

Computations of sediment discharge for section E by the Straub 
equation averaged about twice the measured total sediment loads. 
The equation seems to be more suitable for deep streams or shallow 
streams that have flat gradients than for streams that have hydraulic 
characteristics like those of the Middle Loup River.

Computations for section E by the Kalinske equation indicate that 
the equation gives bed-load discharges in the proper order of magni 
tude. However, computed discharges are relatively constant for the 
range of hydraulic conditions that exist at the Middle Loup River at 
Dunning; low computed discharges are associated with high total 
sediment discharges, high unmeasured sediment discharges, and high 
concentrations of measured suspended sediment coarser than 0.125 
millimeter; and high computed discharges are associated with low 
total sediment discharges, low unmeasured sediment discharges, and 
low concentrations of measured suspended sediment coarser than 
0.125 millimeter.

Computations for section E by the Schoklitsch equation gave bed- 
load discharges that seem somewhat high; about one-third of the com 
puted loads were slightly higher than comparable unmeasured loads. 
In general, high computed discharges were associated with high total 
sediment discharges, high unmeasured sediment discharges, and high 
concentrations of measured suspended sediment coarser than 0.125 
millimeter; low computed discharges were associated with low total 
sediment discharges, low unmeasured sediment discharges, and low

468443 59   7
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concentrations of measured suspended sediment coarser than 0.125 
millimeter. However, the trend was not progressively consistent.

Computations for section E by the Meyer-Peter and Miiller equa 
tion gave bed-load discharges that seem to be accurate measures of the 
the actual bed-load discharges. Computed loads varied progressively 
with changes in several hydraulic parameters, compared reasonably 
with total and unmeasured sediment discharges, and increased fairly 
consistently as the concentrations of measured suspended sediment 
coarser than 0.125 millimeter increased.

Size analyses indicated that the bed material varies both laterally 
and vertically. On the basis of samples collected at section E, at 
least five samples, but preferably more, seem to be necessary for an 
adequate determination of the bed-material size distribution at a cross 
section. The size distribution for the top 1 inch or so of the bed is 
generally finer than that for the top 6 inches. For 6-inch cores, the 
median and the first- and third-quartile particle sizes seem to have 
no direct relation with either water discharge or water temperature. 
As a result, on streams similar to the Middle Loup River the most 
representative bed-material size distribution from 6-inch cores can 
probably be determined from an average of all available samples.

For Nebraska sandhill streams, a z\, from point-integrated samples, 
that is less than about 0.7 is generally larger than a comparable z from 
VJku*, where the VB is based on the fall velocity of quartz spheres 
in water. Throughout a range for the Von Karman coefficient, k, 
of 0.4-4.00, z\ varies inversely with about the 0.6 power of k. In 
addition, z\ can be expressed roughly as a power of z\ the power de 
pends on which system of fall velocities is used.
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' Single prime mark on A, J, or Q designates association with the

sampling depth____________________________________ 48
" Double prime mark on A, J, I, or Q designates association with 

the total depth through which suspended sediment is dis 
charged ______________________________________________ 48

'" Triple prime mark on Q designates association with the total
sediment discharge___________________________________ 51

o Distance above the stream bed_--___-_-_--_-------------_- 47
A Distance of the lower limit of integration above the stream bed

divided by d______-_-___________-________--__----___ 47
Af Cross-sectional area of flow_______________________________ 66
A0 Cross-sectional area when flow is just sufficient to move bed

material--____________________________________________ 66
Cj A proportionality constant______________________________ 66
c0 Concentration of sediment particles of a size fraction at dis 

tance, a, above the stream bed_______________--_-_---___ 47
cy Concentration of sediment particles of a size fraction at dis 

tance, y, above the stream bed_____________-_-----__--_- 48
C A proportionality constant______________________________ 66
Cj A constant___________________________________________ 20
Cone Measured suspended-sediment concentration________________ 42
Concu Mean concentration of the suspended-sediment discharge in the

unsampled zone-____-___________-___---__-_---------_- 42
d Mean depth of water___________________________________ 47
dn Distance from the bottom of the sampled zone to the stream

bed .     .___                   ----------- 54
de Minimum depth at which bed sediment will move.___________ 61
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d, Average degth at the sampling verticals._   _______________ 53
D Geometric mean size of a size fraction______-____  ________ 51
DK Particle size at which 35 percent of the bed material by weight

	is finer____________________________________-__-_______ 52
DCS Particle size at which 65 percent of the bed material by weight

	is finer________________________________    _____     _ 47
DM Particle size at which 90 percent of the bed material by weight

	is finer_____-_________________-____-___-_-__-----__.__ 68
Dm Effective diameter of the bed-material mixture_________ 67
E A constant________________________________ 67
F_ A constant.._______________________________ 67
g The gravity constant.____________._--.__.  -_-_-_-_._-__ 47
gr& Bed-load discharge of a size fraction.______________________ 63
gr. Bed-load discharge per meter of width as measured under water 67
G Sediment discharge from the Straub equation __________ ___ 61
Gb Bed-load discharge__-___________________-_---    ___ 41
ib Fraction by weight of bed material in a size range.____     ___ 55
ia<lB Sediment discharge per unit width through the bed layer of

	particles of a size fraction______   ______________   _____ 55
iaQa Sediment discharge through the bed layer of particles of a size

	fraction. _____________________________________________ 49
/i A mathematical abbreviation that contains /!_______________ 49
/2 A mathematical abbreviation that contains J_--------_----_- 49
J\ An integral.____________________________________________ 48
Js An integral-_______-_-___-__________--_----------___--__ 48
k Von Karman coefficient for turbulent exchange ___________   71
kr Coefficient of particle friction with a smooth bed____________ 67
fc, Roughness diameter, the same as Dgs_____________________ 47
k t Coefficient of roughness__-______-___-__-__-_---_---_-___- 67
K A constant____________________________________________ 48
KI A constant____________________________________________ 49
K0 A constant____________________________________________ 42
K00 Fraction of flow in the unsampled zone____-________________ 42
m Summation of all values of i&/D of a bed mixture__    ______ 63
p Part of the bed area taking shear_____-__-_-__-_----_______ 63
Pi Part of the bed area occupied by the particles in a size range. _ 63
P A parameter...,___________________________   _____   __ 48
qa Critical water discharge per foot of width._________________ 66
Qo Critical water discharge-.----.-------------.------------- 66
Qi Suspended-sediment discharge of a size range_______________ 47
Q,M Measured suspended-sediment discharge-___________________ 41
Qta Total sediment discharge in the cross section________________ 20
Q t» Sediment discharge in the sampled zone____________________ 54
Quu Unmeasured sediment discharge_________--_------_-_______ 41
QU*M Unmeasured suspended-sediment discharge_________________ 41
Qw Water discharge________________-___--___--_------___-__- 20
r Relative intensity of turbulence-__________________________ 63
R Ratio of the mean concentration in the unsampled zone to that

	in the sampled zone________________________________  42
(J2/S)-, Quantity obtained by solving equation a for (RS) -,_____    _ 47
S Slope of the energy gradient and in this report is considered to

	be equal to the slope of the water surface___ __________ 61
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St Specific gravity of sediment.______________________________ 52
Temp Water temperature______________________________________ 53
Um Shear velocity for the modified procedure__:._.,-__-__-____ _ 47
u Mean velocity of flow.__________________________________ 47
w» Shear velocity_________________________________________ 47
?7 Mean velocity of flow at the grain level_____-______________ 63
Ug Mean speed of movement of the particles of a size range____ 63
V, Fall velocity of sediment particles._______________________ 49
V,r Fall velocity of the geometric mean size of the reference range. _ 56
V,u Fall velocity of the geometric mean size of the range requiring a

22____________________________________________________ 56

to Width of the stream channel____________________________'__ 47
a? Dimensionless transition parameter________________________ 47
X Characteristic grain size of the bed mixture __________ _ _____ 51
y Distance above the stream bed-____________-_____---_---_- 48
Y Pressure correction in the transition from smooth to rough flow_ 51 
2 Theoretical exponent of the equation that describes the vertical

distribution of suspended sediment of a size range________ 47
21 Exponent for the actual distribution of suspended sediment of a 

size range determined from a logarithmic plot of concentra 
tion in a size range versus (d  y)/y___________________. 49

22 Exponent for a size range that will determine values of I and 
/ to satisfy equation f or an exponent determined by propor 
tion from an exponent determined in the above manner____ 51

22r 22 for the reference range___________--___________________- 56
s_« Unknown and required 32 for a size range______------------- 56
zt Exponent for a size range that will determine values of 7 and / 

to satisfy equation h or an exponent determined by propor 
tion from an exponent determined in the above manner____ 51

24 Exponent determined from an empirical equation..._________ 51
2m Exponent computed from Vs(QAum_______________________ 49
2* Represents either zi} zs, or S4---___----------_--_----__---_ 58
|8 Log10 (10.6)______________________.______---_-_-_-- 51
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*y Specific weight of water________________________--_____-_- 61
7* Specific weight of sediment particles. _--______-_-----_---__ 63
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5 Thickness of the laminar sublayer.________________________ 47
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re Critical tractive force._______________________--__-__-_- 61
TO Total shear or tractive force at the bed___________________ 63
** Intensity of bed-load transport from Einstein_______-_-__-__ 53
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¥ Function for correlating the effect of flow with the intensity of
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7.3 Constant in the Kalinske equation_______________________ 63
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TABLE 2. Cross-section soundings ' ;

Date

1952 
Sept. 11 _____ . _______

Do. ____ . ___ ___
Do.   .   ________

Sept. 24_..__ _ ________
Do_ _ ---_. _ _ _
Do._______________

Section

A
Bi
C2
A
B,
C2

Time

11:08 a. m.
12:15 p. m.
9:35 a. m.

12:25 p. m.

Mean gage 
height 

(ft)

3. 13
3.13
3. 10
3.08
3.08

Width 
(ft) ..

298
95
77

335
93
83

Area 
<Wft)i

162
143
129
228
135
143
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TABLE 4. Particle-size analyses of bed material 

[Method of analysis, sieve]

Date
Number

of
sampling 

points

Bed material

Percent finer than indicated size, in 
millimeters

0.062 0.125 0.25 0.50 1.0 2.0 4.0

Remarks

Section A

19$ 
Sept. 13 _ . _ ......

1960 
Mar. 1... ...... ....

21.............
Apr. 12.......... ...

25...... _..._..

23...  . ......

20...... .......
July 6.............

18.............
Aug. 1.... .........

25.......... ...
Oct. 4..... . .......
Nov. 7.. _ .. _ ...

29...... .......

1961 
Jan. 23.. ...........
Feb. 19....... ......
Mar. 13....... _ ...
Apr. 25.............
May 21......... ....

25.............
July 27. ...-.....
Aug. 15.............

29   .........
Sept. 20. ............
Dec. 4.......... ...

1952 
May 6... . _ ...

21  .........
June 3.. . _ ...

18.............
July 6  .........

18.  .........
30   .........

Aug. 13.... .........
26   .........

Sept. 11......... _ .

Total or 
weighted

3

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

3
3
3

'3
3
3

»3
13
17

7
17

3

4
3
3
3
3
3
3
3
3
3

127

2
1
0

0
0
0
0
0
0
0
1
1
0
0
0

0
0
0
0
0
0
0

0
0

0

1

3

2
3
4
3
2
2
2
2
2
9

10
3
4

1
4
3
2
3
2

3
3
2

5

2
3
1
3
7
2
1

3

90

28
9

29
46
33
47
38
26
35
43
29
45
32
43
40

26
49
25
25
V7

24
09

34
33
37
91

31

22
44
36
37
28
11
28
38
36
25

32

76

66
47
82
91
76
87
81
73
85
OK

78
82
72
83
70

83
93
67
73
sn
78
67
76
75
82
66
74

70
81
75
82
75
S9

68
sn
77
73

77

01

84
72
95
97
89
97
<u
on
95
Od
09

92
90
95
89

at
98
86
89
09

93
79
88
on
93
OQ

88

86
93
so
O9

91
91
85
93
89
92

90

O>i

01

86
98
98
93
99
QQ

QE

Oft

97
07
07
07

98
93

97
QQ

93
94
QA

07

86
O9
Oft
Ofi
on
94

09

97
QO

QA

Oft

94
QQ

Oft

96

Q<;

98

Qfi

95
99
99
96

100
100

OS

99
QQ

99
99

100
99
Qfi

99
100
98
98
99
99
04
Ofi

99
98
Qfi

97

96
98
at
OS

98
QA

98
99
98
99

98

See footnotes at end of table.
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TABLE 4. Particle-size analyses of bed material Continued 
[Method of analysis, sieve]

Date
Number

of
sampling 

points

Bed material

Percent finer than indicated size, in 
millimeters

0.062 0.125 0.25 0.50 1.0 2.0 4.0

Remarks

Section Bi

1950 
Dec. 14... __ ......

1951 
June 4 ______

26.. ...........
July 25. . ........
Aug. 16... __ . .....
Oct. 30. .... .....
Dec. 4... ..........

1958 
May 6 .............

21  ..........
June 3 .............

18  . ........
July 6... __ . _ ..

18... _ .. _ ..
30... ..........

Aug. 13.... .........
26.. __ .......

Sept. 11.. __ .... ...
24. ___ .....

Total or 
weighted

3

13
13
13
15
13
13

'2
»3
13
3
3
3
3
3
3
3
3

55

0

0
1
2
1
0
1

0
0
0
0

0
0
0
0
0
0

0

2

1
2
4
2
1
2

3
1
2
1
5
1
1
2
2
3
2

2

46

30
24
28
26
20
34

1Q
23
37
17
1Q
20
17
25
32
37
26

29

95

72
65
68
65
65
86

78
72
87
45
70
76
52
84
75
81
75

73

98

88
80
78
84
85
96

86
91
95
65
93
92
77
91
87
94
92

87

99

94
88
87
92
93
98

89
96
98
78
96
95
90
95
93
97
96

93

99

97
95
95
96
97
99

92
97
99
91
98
97
97
97
98
99
99

97

Section B

1949 
Sept. 13...  _ . ...

1950 
June 20 .............
July 6_. __ .. .....

18.............

26  _ .......
Oct. 4... ..........
Nov. 8. ............

30  ..........

1951 
Jan. 24. __ .....
Feb. 20 .............
Mar. 14. ............
Apr. 25  ..........
May 21.. ...........
Aug. 29   .........
Sept. 20 .............

wm
Jan. 28  _ . ......

Total or 
weighted 
mean* .....

Do.» ............

3

3
3
3
3
3
3
3

13

3
3

13
«3

3
15
13

>3

53
24

0
0
0

0

0
0
0
1
2

0

0
0

1

1
1
1
1
1
1
2
1

2
0
2
1
1
2
4

1

1
2

19

25
18
30
27
22
20
32
20

42
9

38
26
20
17
20

40

25
25

75

79
55
92
71
88
74
76
81

88
37
80
49
75
58
63

92

72
76

91

95
73
99
87
97
93
83
94

97
80
94
70
92
80
85

97

88
90

95

98
84
99
95
99
98
90
96

98
89
98
83
96
91
94

98

94
95

98

99
93

100
99

100
100
97
98

99
95
99
92
97
96
98

98

97
98

25 ft upstream from sec. B.
Do.
Do.
Do.
Do.

Do.

Do.

Do.

See footnotes at end of table.
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TABLE 4. Particle-size analyses of bed material Continued 

[Method of analysis, sieve]

Date
Number

of
sampling 

points

Bed material

Percent finer than indicated size, in 
millimeters

0.062 0.125 0.25 0.50 1.0 2.0 4.0

Kemarks

Section Cj

I960 
Oct. 4....... ........
Nov. 30.-... ........

1961 
Jan. 24..............
Feb. 20.. ...........
Mar. 14... ___ . ...
Apr. 25. ............
May22.    ... ._
June 4 ..............

26.............
July 26........ ......
Aug. 16       

29.............
Sept. 20.  .........
Oct. 30-.... ........
Dec. 4. __ . _ . ...

1958 
Feb. 11.............
Mar. 10... . .........

26.... .........
May 6....  .......

21.............
June3 __ .........

18.............
July 6...............

18..............
30.  ... .......

Aug. 13.   . .
26  ..........

Sept. 11.............
24.............

Total or 
weighted

3
3

3
3

13
3

13
13
13
13
»7
17
15
13
13

3
3
3

»3
13

3
3
3
3
3
3
3
3
3

97

0
0

0
1
0
0
0
0
0
0
0
0
0
0
0

1
1
0
0
0
0
0
0
0
0
0
0
0
0

0

1
1

1
1
1
1
1
4
1
1
2
1
1
1
1

8
1
2
1
1
1
6
1
4
2
1
1
2
1

2

19
18

28
7

23
12
10
17
13
16
24
23
20
12
26

30
20
24
23
24
91

26
21
24
24
20
19
25
27

21

81
73

72
33
73
44
45
70
50
60
66
74
65
54
71

81
61
70
67
64
80
78
60
63
78
59
66
80
73

66

91
90

90
65
88
59
68
84
72
79
85
88
86
80
87

92
84
89
81
80
91
91
77
81
84
79
83
92
89

83

95
95

96
84
94
72
85
89
83
90
92
94
94
91
93

96
94
92
88
87
94
95
86
91
91
87
92
96
94

91

98
98

99
93
99
87
94
94
91
97
97
97
98
96
96

99
97
97
94
94
97
97
94
96
97
94
97
99
98

96

Section Ci

191,9 
Dec. 9........ __ .

1960 
May 9.. ............

23.    

20.    
July 6... ..   .

18..............
Aug. I...... ....... .

27.............

Total or 
weighted

3

3
3
3
3
3
3
3
3

21

1

4

1
1
2
1
1
1

2

39

35
9Q

21
35
29
32
27
26

30

90

92
75
70
89
75
87
76
85

81

97

98
89
86
96
92
96
90
96

92

98

99
94
92
97
96
98
95
98

96

99

99
Q7

98
99
98
99
98

100

98

95 ft downstream from sec.
Oi.

105 ft upstream from sec.
Ci.

See footnotes at end of table.
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TABLE 4. Particle-size analyses of bed material Continued 

[Method of analysis, sieve]

Date
Number 

of 
sampling 

points

Bed material

Percent finer than indicated size, in 
millimeters

0.062 0.125 0.25 0.50 1.0 2.0 4.0

Remarks

Section C

1949 
June 4. __ ........

21.............
Aug. 30 .............
Sept. 13- ____ ....
Nov. 5-  .........

1950 
Mar. 1- ............

22
Apr. 25.............
June 20. ___ .
July 6-  _ ..... ..

18..............

26.............

3
3
6
3
3

3
3
3
3
3
3
3
3

1

2
1

2

1
2

16
OA

28
32
30

18
16
18
34
QO

23
25
41

58
73
82
75
78

70
68
67
85
78
73
76
90

80
87
95
89
90

91
90
86
96
91
90
93
98

89
94
98
96
96

96
95
93
98
95
94
97
99

96
98
99
99
98

98
97
97
99
98
96
99
100

Do.
Do.
Do.
Do.
Do.
Do.

Section D

1950 
Aug. 15............. 2 99 60 72 81 92 Stations 62 and 64 at meas

uring sill.

Section E

1949
Sept. 13..... ........

1950 
Mar. 1... _____ .

21
Apr. 12.............

25.............
May 9 ____

23... ..........
June 6 ___ .

20  ..........
July 6 .... __ ..

18 .... _ ...
Aug. 1.............

26 ... .......
Oct. 4....... _ .
Nov. 8  _ . ......

30  ..........

1951 
Jan. 24  ___ ....
Feb. 20   ___ .
Mar. 14  ___ .

30  ..........
30  ..........

30  . __ .
Apr. 26  ..........

26  ..........
May 22 .. _ . ....
June 4 .............

26  ..........
July 26.... .........
Aug. 16  ..........

30  ..........

3

3
3
3
3
2
3
3
3
3
3
3
3
3
3
3

3
3
3
3
3

'7
13
29
13
13
»»
'3
i?
»7

0
1
0

0
0
0
0
0

0
0
0
0
0
0
1
0
0

1

2
4
5
2
2

2

2
1
3
2

11
2

1
2
2
2
1

2
1
2
3
2
2
2
3
2

29

44
42
40
32
21
35
36
27
17
32
20
30
32
66
30

20
31
40
25
16

29
20
27
32
23
23
22
24
25

81

90
87
77
77
70
84
80
73
61
83
61
74
81
94
89

71
79
89
75
68

79
55
73
73
69
66
69
60
65

93

97
96
89
92
90
95
90
90
80
96
SO
91
93
97
98

87
93
96
90
86

94
75
87
87
86
82
83
77
80

96

99
98
95
96
94
97
95
94
88
98
88
96
97
98
99

93
97
98
95
91

98
86
93
93
91
89
90
86
88

99

99
99
98
98
96
99
99
98
94
99
95
99
99

100
100

98
100
99
99
95

99
96
97
97
96
95
96
94
95

At centers of maximum
Qw sections.

See footnotes at end of table.
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TABLE 4. Particle-size analyses of bed material Continued 

[Method of analysis, sieve]

Date
Number

of
sampling 

points

Bed material

Percent finer than indicated size, in 
millimeters

0.062 0.125 0.25 0.50 1.0 2.0 4.0

Remarks

Section El Continued

1961  Continued 

Sept. 20... __ .....

21-. _____
Oct. 31       
Dec. 5.............

195H 
May 6  _ .......

6 .

6.... ....... . .

6.............

6 .

6  ..........

6.............
6-  ........

22
22       

3... ..........
18.......... _
18........ .....

July 6... ..........
6... _ .. _ ..

18.............
18... ..........
30      
30        

Aug. 13  ..........
13.      
26  ..........
26.... _ ......

Sept. 11- _____
11      
24... _ .......
24......... _ .

Total or weight 
ed mean  .._._

36
»5
13
13

1

1

1

1

1

1
i?
'7

13
13
13
13
13
'3
13
13
»3
13
13
13
13
"3
13
13
13
»3
»3
'3

208

1

1
0
0

0

0

0

1

0

0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

2

2
1
1

1

2

1

0

1

2

2
2

2
2
2
2
2
6
1
1
5
3
2
2
2
2
2
2
2
1
2
2

2

26

24
25
27

25

31

8

6

13

23

27
29

21
26
29
27
38
61
30
36
46
43
33
39
33
42
28
33
29
26
36
45

29

68

67
77
75

82

78

29

27

31

60

63
74

66
76
71
76
80
90
78
85
84
83
70
83
76
82
65
75
74
72
89
90

73

82

83
92
92

96

92

50

50

49

76

80
88

84
92
86
92
93
98
90
96
94
94
83
93
89
89
82
89
87
86
97
96

87

89

90
96
97

98

96

63

68

63

87

88
93

92
97
92
96
97
99
95
99
97
97
90
96
94
93
88
93
94
«2
98
98

93

94

96
99
99

99

97

82

80

81

93

94
96

96
98
98
98
99

100
98

100
98
99
94
99
97
95
94
97
98
97
99

100

97

tion.

Station 77, 0-1 in. below
bed surface. 

Station 77, 1-2 in. below
bed surface. 

Station 77, 2-3 in. below
bed surface. 

Station 77, 3-4 in. below
bed surface. 

Station 77, 4-5 in. below
bed surface. 

Station 77, 5-3 in. below
bed surface.

Top one-half inch of 6-in,
core.

Do.

Do.

Do.

Do.

Do.

Do.

Do.
MM

DO.

Do.

Do.

1 Sampling points at centers of equal segments of water discharge.
* For all samples.
3 For samples 25 ft upstream from sec. B.
1 For samples at sec. Oi.
6 For all samples except at centers of maximum water discharge sections, station 77 on May 6, 1952, and 

top one-half inch of 6-in. core.
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TABLE 6. Monthly and annual summary of water and total sediment discharges,
section D

Month

i960 
Mar. 22-31-   .     
April            
May...             

July...        ..........

Mar. 22 to Sept. 30- -   

1961

April........................

July... ..........-..-..-.
August ......................

Water year 1960-51... ...

1968 
January __ ....    ...   

March ______ ....... ...
April........................

July.-....      ...... _
August ___ . ..    .......
September __________

Water year 1951-52.

Water 
dis 

charge 
(cfs- 

days)

4,527 
11, 112 
11,774 
10,329 
11,014 
10,994 
10, 701

70,451

10,727
11,507 
12, 181

11,499 
12,095 
11,696 
10,006 
12,655 
12,202 
11,777 
11,365 
11, 957

139,667

12,040 
11,560 
12, 013

11,782 
11,730 
13, 541 
12,988 
12, 671 
10,662 
10,834 
11,287 
10,305

141, 413

Runoff 
(acre- 
feet)

8,980 
22,040 
23,350 
20,490 
21,850 
21, 810 
21,230

139,800

21,280 
22,820 
24,160

22,810 
23,990 
23,200 
19,850 
25,100 
24,200 
23,360 
22,540 
23,720

277,000

23,880 
22,930 
23,830

23,370 
23,270 
26,860 
25,760 
25,130 
21,150 
21,490 
22,390 
20,440

280,500

Suspended sediment

Load 
(tons)

28,970 
57,260 
47,600 
21, 410 
24,830 
25,760 
26,520

232,400

^29,900 
48,490 
49,667

60,460 
21,070 
48,550 
36,680 
39,830 
36,970 
29,390 
25,550 
42,630

469, 187

48,580 
52,100 
30, 314

8,835 
65,900 
66,406 
58, 010 
65,590 
35,505 
26,929 
26,559 
27,923

512,651

Daily load (tons)

Mean

2,900 
1,910 
1,540 

710 
800 
830 
880

1,200

960 
1,620 
1,600

1,950 
750 

1,570 
1,220 
1,280 
1,230 

950 
820 

1,420

1,290

1,570 
1,740 

978

285 
2,270 
2,142 
1,930 
2,120 
1,180 

869 
857 
931

1,400

Maxi 
mum

4,000 
3,370 
3,270 

910 
1,580 
2,100 
1,430

4,000

1,410 
2,460 
3,360

1,970 
2,130 
1,610 
1,970 
2,340 
2,120 
1,080 
3,000

3,360

2,140 
2,350 
2,200

582 
3,860 
5,160 
3,370 
3,420 
2,330 
2,020 
1,200 
1,520

5,160

Mini 
mum

1,820 
1,310 

800 
490 
520 
540 
520

490

690 
730
57

79 
980 
760 
870 
890 
650 
640 
940

1,010 
1,340 

125

21 
1,030 

850 
1,110 
1,010 

731 
556 
512 
717

21

Concentration 
(ppm)

Weighted 
mean

2,370 
1,910 
1,500 

770 
830 
870 
920

1,220

1,030 
1,560 
1,510

1,950
650 

1,540 
1,360 
1,170 
1,120 

920 
830 

1,320

1,240

1,490 
1,670 

934

278 
2,080 
1,820 
1,650 
1,920 
1,230 

921 
872 

1,000

1,340

Maxi 
mum 
daily

3,140 
3,290 
2,860 

930 
1,410

1,400

3,290

1,660 
2,240 
3,110

1,770 
2,020 
1,830 
1,540 
1,850 
1,890 
1,010 
2,100

3,110

1,910 
2,280 
2,140

501 
3,800 
3,300 
2,890 
3,420 
2,350 
2,040 
1,210 
1,530

3,800
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TABLE 8. Sediment discharge computed with the modified Einstein procedure for 
the selected river sections and the comparable measured sediment discharge at 
section D

Date

1949 
Aug. 25 __ ... .............

I960 
Mai. 1 _ ........... __ ...

Mar. 21.....  ............

Apr. 12.....................

Apr. 25 . -  ..  ..

May 9 .....................

May 23-....-.. __ ........

June 6... _________

June 20 .....   .........

July 6.. _ ... _ . __ .....

Ang. 26....................

Oct. 4.....................

Nov. 8  .      ..

Nov. 30    ................

Section

.,

 <IQ ^flwflwfi^flmflwfi^flwfiwQ^fimflwfl^fiwfi^fiHflHfi^Qmfi^

Sediment discharge, in tons per day

Finer 
than 
0.062 
mm

51
52

372 
412 
427 
412 
407 
410 
247 
214 
264 
211 
282 
210 
125 
151 
139 
140 
143 
138 
155 
155 
176 
168 
142 
116 
235 
144 
154 
127 
81 
92 

130 
87 
54 
50 

108 
84 
90 

126 
74 
62 

195 
135 
156 
124 
63 
67 
65 
65 

101 
64 
60 
62 

103 
126 
105 
133 
111 
138 
106 
101 
98 

102 
83 

100

0.062 
to 

0.125 
mm

75 
67

645 
471 
512 
471 
555 
469 
520 
549 
669 
542 
543 
540 
402 
359 
417 
332 
366 
329 
374 
398 
424 
432 
362 
299 
252 
416 
327 
366 
134 
161 
121 
152 
118 

90 
139 
109 
162 
162 
151 
124 
274 
218 
216 
201 
208 
163 
195 
156 
193 
157 
144 
152 
321 
316 
354 
334 
345 
344 
291 
287 
284 
291 
284 
284

0.125 
to 

0.25 
mm

186 
373

1,361 
1,088 
1,199 
1,088 
1,481 
1,084 
1,164 
1,159 
1,573 
1,144 
1,011 
1,140 

945 
775 
989 
718 
762 
709 
989 
994 

1,255 
1,080 

979 
747 

1,038 
624 
507 
550 
349 
338 
360 
318 
291 
186 
222 
235 
383 
351 
292 
216 
441 
420 
322 
388 
516 
383 
469 
368 
376 
368 
335 
358 
963 
648 
810 
685 

1,108 
705 
743 
626 
682 
633 
846 
618

0.25 
to 

0.50 
mm

142 
179

733 
676 
562 
676 
832 
674 
564 
884 
689 
873 
585 
870 
549 
510 
481 
472 
431 
467 
616 
508 
603 
552 
634 
382 
615 
272 
339 
240 
299 
153 
306 
145 
236 
140 
191 
139 
253 
207 
208 
142 
295 
840 
214 
775 
315 
259 
236 
248 
292 
248 
198 
241 
431 
363 
475 
384 
747 
396 
406 
490 
419 
496 
473 
484

0.50 
to 

1.00 
mm

45 
75

240 
176 
212 
176 
295 
176 
167 
183 
201 
180 
291 
180 
197 
95 

158 
70 

155 
87 

191 
111 
215 
120 
245 

83 
204 
112 
130 
99 

110 
23 

132 
22 

104 
25 
45 
24 
95 
36 
78 
43 

113 
67 
79 
62 
91 
57 
80 
55 
98 
55 
70 
54 

128 
111 
159 
117 
380 
120 
123 
118 
167 
120 
176 
117

1.00 
to 

2.00 
mm

4 
0

55 
88 
57 
88 
62 
88 
26 
61 
37 
60 
53 
60 
33 

0 
29 
18 
22 

0 
22 
44 
45 
48 
44 
33 
44 
32 
16 
28 
13 
0 

20 
0 

13 
10 

1 
12 
13 
18 
8 

19 
17 
0 
7 
0 
7 

29 
9 

28 
15 
28 

6 
27 
19 
16 
35 
17 

128 
17 
20 
68 
43 
68 
30 
67

2.00 
to 

4.00 
mm

0 
0

13 
29 
14 
29 
10 
29 
3 
0 
5 
0 
9 
0 
4 
0 
3 
0 
2 
0 
2 
0 
8 
0 
6 
0 

10 
0 
1 
0
1
0 
2 
0 
1 
0 
0 
0 
1 
0 
0 

12 
2 
0 
0 
0 
0 
0 
1 
0
1
0 
0 
0 
2 
0 
4 
0 

37 
0 
3 
0 
7 
0 
4 
0

Total

503
746

3,419 
2,940 
2,983 
2,940 
3,642 
2,930 
2,691 
3,050 
3,438 
3,010 
2,774 
3,000 
2,255 
1,890 
2,216 
1,750 
1,881 
1,730 
2,349 
2,210 
2,726 
2,400 
2,412 
1,660 
2,398 
1,600 
1,474 
1,410 

987 
767 

1,071 
724 
817 
501 
706 
603 
997 
900 
811 
618 

1,337 
1,680 

994 
1,550 
1,200 

958 
1,055 

920 
1,076 

920 
813 
894 

1,967 
1,580 
1,942 
1,670 
2,856 
1,720 
1,692 
1,690 
1,700 
1,710 
1,896 
1.670

Percentage 
ofmeasured 
sediment 
discharge 

at section D

67

116

101

124

88

114

92

119

127

109

106

114

145

150

105

129

148

163

117

111

131

80

64

125

115

117

91

124

116

166

100

99

114

1 25 ft upstream from section B.
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TABLE 8. Sediment discharge computed with the modified Einstein procedure for 
the selected river sections and the comparable measured sediment discharge at 
section D Continued

Date

I960  Continued 
Dec. 14............. __ ....

1951 
Jan. 24. _

Feb. 20............ . ..

Mar. 30.-..

June 4 _ ____ . _

June 26.__.__ ___ . ____

July 26........... __ ......

Aug. 16. __ ... ... . .

Aug. 30.. ..................

Oct. 31 _ .... __ . _ . ..

Dec. 5......................

196S 
Mar. 10. __ .. .

Mar. 26. _ ........ _ ....

May 6. __ ......... . ..

May 22....... _____ . ...

June 18 ___________

July 18.....................

Aug. 13....................

Sept. 24....................

Weighted average, in

Section

&
Cj 
D 
E 
D

C2 
D 
B 
D

&
E 
D 
E 
D

&
C2 
D

& 
E 
D 
E 
D 
B, 
D 
Cs 
D 
E 
D 
E 
D 
E 
D 
E 
D

Ca 
D 
Ca 
D 
B, 
D

& 
E 
D 
E 
D 
E 
D 
E 
D 
E 
D

& 

&

Sediment discharge, in tons per day

Finer 
than 
0.062 
mm

87 
116 
168 
138 
156 
133

60 
103 
167 
128 
127 
127 
133 
125 
119 
122 
110 
170 
122 
142 
112 
100 
89 
96 
62 
69 
72 
72 
74 
69 
66 
65 
84 
72 
81 
76 

108 
87

171 
156 
369 
327 
97 

106 
84 
94 
97 
81 

176 
175 
76 
75 
77 
76 
91 
93 
63 
58 
65 
59

105

0.062 
to 

0.125 
mm

220 
252 
312 
299 
331 
287

362 
310 
367 
256 
292 
254 
272 
250 
246 
230 
214 
301 
223 
251 
190 
138 
136 
134 

70 
75 

143 
130 
133 
125 
88 

118 
128 
94 

291 
266 
367 
327

351 
294 
716 
731 
188 
224 
163 
200 
219 
172 
251 
313 
116 
110 
96 

107 
147 
124 
167 
135 
136 
137

106

0.125 
to 

0.25 
mm

850 
951 

1,086 
1,127 
1,466 
1,083

1,443 
1,264 

864 
525 
485 
521 
588 
512 
403 
540 
521 
485 
423 
403 
343 
276 
327 
260 
177 
207 
253 
246 
330 
235 
210 
222 
328 
252 
910 
722 

1,171 
938

656 
571 
605 
731 
444 
437 
302 
388 
387 
334 
435 
626 
243 
209 
214 
259 
337 
247 
456 
298 
308 
304

114

0.25 
to 

0.50 
mm

361 
466 
614 
552 
689 
530

928 
748 
363 
294 
312 
292 
364 
288 
246 
324 
310 
275 
342 
229 
306 
192 
259 
193 
148 
173 
178 
174 
337 
166 
161 
157 
241 
224 
495 
475 
608 
545

513 
450 
442 
554 
311 
295 
282 
262 
271 
226 
291 
452 
200 
127 
178 
198 
277 
208 
288 
317 
271 
324

104

0.50 
to 

1.00 
mm

109 
116 
174 
138 
267 
133

291 
103 
100 
64 

127 
63 

147 
75 
89 
94 

104 
79 

120 
65 

103 
38 
98 
37 
55 
40 
74 
58 

101 
55 
62 
52 
85 
50 

182 
190 
213 
174

214 
121 
159 
101 
108 
83 
97 
74 
85 
63 

114 
104 

79 
35 
66 
69 

116 
69 

109 
86 
99 
88

157

1.00 
to 

2.00 
mm

13 
39 
34 
46 
63 
44

80 
52 
12 
13 
31 
13 
25 
0 
9 

40 
14 
0 

19 
0 

14 
23 
11 
22 

4 
12 
10 
29 
11 
28 

5 
26 
8 

29 
30 

114 
43 
87

59 
86 
33 
16 
16 
35 
13 
32 

7 
27 
12 
35 

8 
23 
5 

38 
15 
31 
15 
48 
16 
49

73

2.00 
to 

4.00 
mm

1 
0 
4 
0 

13 
0

16 
0 
1 
0 
4 
0 
3 
0 
0 
0 
1 
0 
1 
0
1
0 
0 
0 
0 
0
1

15 
0 

14 
0 

13 
0 
0 
4 

57 
7 

22

10 
52 

4 
0 
2 
0 
1 
0 
0 
0 
1 

35 
0 
0 
0 

15 
1 
0 
2 

19 
1 

20

65

Total

1,641 
1,940 
2,392 
2,300 
2,985 
2,210

3,180 
2,580 
1,874 
1,280 
1,378 
1,270 
1,532 
1,250 
1,112 
1,350 
1,274 
1,310 
1,250 
1,090 
1,069 

767 
920 
742 
516 
576 
731 
724 
986 
692 
592 
653 
874 
721 

1,993 
1,900 
2,517 
2,180

1,974 
1,730 
2,328 
2,520 
1,166 
1,180 

942 
1,050 
1,066 

903 
1,280 
1,740 

722 
579 
636 
762 
984 
772 

1,100 
961 
896 
981

111

Percentage 
ofmeasured 
sediment 
discharge 

at section D

85

104

135

123

146

108

123

82

97

115

139

124

90

101

142

91

121

105

115

114

92

99

90

118

74

125

83

127

U4

91

112
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TABLE 9. Sediment discharges computed with several formulas and data for
comparison

Date

1949 
Aug. 17. ___ . _

26.  ........
Sept. 13  .........

19SO 
Mar. 1. _ .. _ ...

21   ........
Apr. 12.   ......

25   ........

Dec. 14. _ ........

1S61 
Feb. 20............
Mar. 30- _ .......
July 26      ...
Oct. 31 ..... .
Dec. 5  .  .

196S 
July 18   .......
Aug. 13   ........
Sept. 24.. _ .......

Sediment discharge, in tons per day

Computed for section E

Straub

2,722 
2,510 
4,324

1,013 
3,810 
3,742 
1,719 
3,677 
3,288

5,583 
2,846 
4,129 
3,229 
1,962

4,831 
4,376 
3,694

Ka- 
linske

330 
302 
360

206 
296 
301 
230 
331 
278

330 
317 
342 
312 
236

337 
318 
318

Schok- 
litsch

411 
360 
590

317 
689 
534 
333
507
572

613 
449 
400 
525 
413

468 
463 
441

Meyer- 
Peter 
and 

Muller

149 
141 
192

404 
462 
279 
350 
233 
488

337 
192 
130 
346 
359

138 
231 
189

Un-
meas- 
at sec 
tion E

784 
443 
493

1,370 
1,690 

720 
791 
210 
800

512 
802 
342 

1,015 
1,100

492 
426 
549

Meas 
ured 

at sec 
tion D

1,190 
691
842

2,930 
3,000 
1,730 
1,660 

501 
2,210

1,250 
1,350 

576 
1,900 
2,180

762 
772 

1,020

Ratio of mean concentration in 
unsampled zone to that in 
sampled zone

Straub Ka- 
linske

6.33 
3.37 
2.66

3.77 
4.94 
2.66 
3.48

2.68 

1.91
4.85

4.18 
4.33

3.50 
2.36
3.13

Schok- 
litsch

5.38 
2.39

3.50 
3.86 
1.74 
3.02

1.73

3.80

3.22 
3.65

1.39

2.00

Meyer- 
Peter 
and 

Muller

8.45 
6.08 
4.75

3.29
4.47 
2.74 
2.95

2.00

1.88 
5.84 
5.53 
4.02 
3.86

6.70 
3.45 
4.33
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